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1. Introduction 

 

Embedded Generation (EG) is a small scale production of power, typically located close to 

electricity consumers. Technologies used for EG include combined head and power, solar, wind, 

biomass, and gas. In Ontario, as a result of the Standard Offer Program (SOP), a large amount of 

EG projects has been proposed to be directly connected to distribution systems in the IESO-

Controlled Grid (ICG). These small projects, when integrated to distribution systems, will cause 

substation transformer power to be reversed under some operating conditions, thus may have 

some aggregate impacts on the reliability of the ICG. One of the impacts is on dynamic reactive 

capability. 

 

Dynamic reactive capability, i.e. fast reactive power support, in the power system is very critical 

to maintain the system reliability. It helps the voltage recovery following a fault. The voltage 

recovery is usually delayed by load dynamics, such as dynamics of induction motors. At the same 

time, the slow voltage recovery may trigger protection relays to disconnect some electric loads 

and subsequent creation of over-voltages. Automatic restarting of motor loads also depresses 

system voltages and prevents voltage recovery. These phenomena are well known to utilities and 

ensuring sufficient dynamic reactive capability in the system is the solution. The phenomena of 

system voltage depression after fault activity have been observed in Northwest ICG 

(Bowater/Thunder Bay C1 situation) and other utilities [1, 2]. 

 

The least amount of dynamic reactive power in the system, required to maintain the system 

reliability, is difficult to obtain through system study. The Market Rules define dynamic reactive 

requirements for individual generation facility. This is actually a simple approach to guarantee 

sufficient dynamic reactive power to withstand a certain degree of disturbance in the system. The 

system is usually operated to maximize its dynamic reactive capability by running the generators 

in voltage control and at a power factor close to unity. Static reactive compensation is installed 

and utilized to facilitate the generators to operate at a close-to-unity power factor. 

 

Currently, much of electrical energy in Ontario is produced by large centralized plants, consisting 

of synchronous generators directly connected to the transmission system. High penetration of EG 

will displace a large amount of generation in the existing system. Some generators, of the same 

capacity as the EG units, will be shut off. The existing generators to be displaced have the 

dynamic reactive capability defined in the Market Rules. However, most EG units are induction 

generators or Doubly Fed Induction Generators (DFIGs), and have different reactive capability 
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from conventional synchronous generators. Furthermore, distributors prefer operate EG units in 

the power factor control, indicating small or no dynamic reactive capability for EG units. Thus, 

high penetration of EG may greatly impact the system dynamic reactive capability. The system 

dynamic reactive capability needs to be investigated and re-evaluated after the incorporation of a 

large amount of EG.  

 

The objectives of this report are to investigate dynamic reactive capability of the system with 

high penetration of EG, identify any need for dynamic reactive compensation, and justify 

appropriate solutions of dynamic reactive compensation to eliminate possible adverse impact 

brought by EG on the reliability of the ICG.  

 

2. Methodologies 
 

Short-term voltage stability assessment is performed to study the system dynamic reactive 

capability. Short-term voltage stability is referred as system transient voltage stability maintained 

in a short time frame of several seconds. This time frame involves the time from the onset of a 

system disturbance to just prior to the activation of the automatic LTC. Both rotor angle 

instability and voltage instability may occur within this time frame. The following fast-acting, 

automatically controlled power system equipments are considered in assessing system 

performance within this time frame [2, 3]: 

 

 Synchronous generators 

 Automatic switched shunt capacitors 

 Induction motor dynamics 

 Static Var Compensators 

 Flexible AC Transmission System (FACTS) devices 

 Excitation system dynamics 

 Voltage-dependent loads 

 

Particularly, short-term voltage stability depends on load characteristics [4]. Motor loads, often 

shunt capacitor compensated, draw very high current when starting or when slowed due to system 

disturbances. Heavily loaded, constant torque type mechanical loads are the most onerous. These 

loads, i.e. air conditioner compressor motors, may comprise up to 50% of summer peak load.  

The potential for voltage stability problems is heightened because both shunt capacitor reactive 

power and induction motor electrical torque decrease with the square of the voltage. Thus, 

voltage recovery or collapse is greatly influenced by the percentage of the motor load. In this 

report, the following load distribution is assumed for each load in the ICG [2]: 

 

 Small motor load: 45 % 

 Large motor load: 15 % 

 Discharge lightning 20% 

 Constant power 5% 

 Mix of constant current and constant impedance for real power and constant impedance 

for reactive power 15% 

 

Determination of required dynamic reactive power within a system to maintain its reliability is a 

challenging issue due to insufficient and/or inaccurate system dynamic data. In this report, 

identification of the impact of high penetration of EG and justification of adequate dynamic 
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reactive compensation is based on comparison of voltage dynamic response between the 

following systems: 

 

 An original (existing) system without EG unit; 

 A revised system formed by incorporating a large amount of EG units into the original system 

and displacing the same capacity of existing generation as these EG units, with or without 

dynamic reactive compensation. 

 

The original system contains conventional synchronous generators and other generating facilities
1
 

that provide the same reactive capability as synchronous generators. As the reactive capability of 

a synchronous generator is defined by the Market Rules, we assume the dynamic reactive 

capability of the original system is necessary and adequate for the reliable operation of the ICG. 

The revised system is compared with the original system in terms of system dynamic 

performance (post-fault voltage response) to judge the adequacy of dynamic reactive power 

within the revised system. 

 

PSS/E Vestas V-82 models are used to represent the EG units in this report
2
. These EG units are 

running in the power factor control. 

3. High Penetration of EG in A Study System 
 

A study system [3] has been adopted to investigate the general impact of high penetration of EG 

on system dynamic performance. The single line diagram of the study system is shown in Figure 

1. The green part in the single line diagram is a 500-kV transmission system, which deliveries the 

electricity from the sending end (left side, generation area) to the receiving end (right side, load 

area). Two loads are fed from the 500-kV receiving bus: an industrial load is served directly via a 

LTC transformer and a residential and commercial load is served via two LTC transformers and 

an equivalent for sub-transmission impedance. Two remote generators deliver about 5000 MW to 

the load area through five 500-kV lines. The load area includes a 1094 MW equivalent generator. 

Figure 1 also shows the rated bus voltages, MW and max/min MVAr of the generators, and the 

impedance of lines and transformers. More details of the study system are provided in [3]. 

 

1000 MW EG units are considered to be integrated into the study system in either generation area 

or load area. These EG units displace the same amount of generation in either generation area or 

load area. Based on different locations of EG units and generation to be displaced, the following 

five scenarios are simulated and compared: 

 

Scenario 1: Original system, no EG in the system; 

Scenario 2: 1000 MW EG at the receiving end, displacing generation at the receiving end; 

Scenario 3: 1000 MW EG at the receiving end, displacing generation at the sending end; 

Scenario 4: 1000 MW EG at the sending end, displacing generation at the receiving end; 

Scenario 5: 1000 MW EG at the sending end, displacing generation at the sending end; 

                                                 
1
 Other generating facilities referred to wind farms that are directly connected to the ICG. The Market 

Rules require a wind farm provide the same reactive capability as a synchronous generator. 
2
 There are primarily three types of EG technology: (i) induction generator, (ii) doubly-fed induction 

generator (DFIG), and (iii) converter-interfaced unit. Vestas V82 is an induction generator with SVC at its 

terminal to compensate reactive power so that the unit operates at the desired power factor. The three types 

of EG have similar dynamic performance in terms of reactive capability when the EG units are running in 

the power factor control. 
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Figures 2-3 show the voltage response at the 500-kV receiving and sending busses for the defined 

scenarios.  The system is subject to a 3-phase fault at the middle of one 500-kV transmission line. 

The transmission line is tripped 100 ms after the fault inception.  

 

Simulation results show that the voltage performance is more affected at the 500-kV receiving 

end by penetration of EG than at the sending end. In the load area, Scenario 3 has almost the 

same dynamic voltage performance as the original system (Scenario 1) while voltage 

performance in Scenarios 2, 4, and 5 is much worse than Scenario 1.  

 

When EG units are highly penetrated in a system, the optimal scenario is that the EG units are 

located at the receiving end, while the displaced generation is at the sending end (Scenario 3). All 

the capacity of EG units is utilized to alleviate the stress of the transmission system. Although the 

EG units operate in the power factor control, which reduces dynamic reactive power in the 

system, the dynamic performance is least affected and no dynamic reactive compensation is 

necessary.  

 

The worst scenario is the EG unit are located in the generation area while the displaced 

generation is at the receiving end (Scenario 4). Incorporation of EG units not only reduces 

dynamic reactive power in the system, but also increases the system stress. A more stressed 

transmission system would demand more dynamic reactive power in the system to maintain its 

reliability. 

 

The EG units in Scenarios 2 and 5 have no impact on the transmission system stress. The voltage 

response in these two scenarios shows that decrement of dynamic reactive power due to the 

power factor control of EG units, deteriorates system dynamic performance. The system voltage 

performance is more adversely affected when EG units are located at the receiving end (Scenario 

2). 

 

A practical transmission system does not have apparent receiving and sending ends. Generation to 

be displaced by EG units may be somewhere between receiving and sending ends. The EG units 

are mainly located in the distribution system viewed as a load area. As the penetration level is 

increasing, the substation transformer flow may be reversed and some power will be injected into 

the transmission system. This indicates that part of the EG capacity may be located at the sending 

end of the transmission system. Thus, practical situation of high penetration of EG in the ICG 

may be a mix of scenarios and practical voltage performance after incorporation of EG units will 

be between the optimal scenario (Scenario 3) and the worst scenario (Scenario 4). 

 

Simulation results based on the study system conclude that high penetration of EG has adverse 

impact on system dynamic performance and the level of adverse impact relates to locations of EG 

and generation to be displaced. Dynamic reactive compensation is required to eliminate the 

adverse impact. 

 

4. Proposed Dynamic Reactive Solutions 
 

Dynamic reactive compensation has been identified as necessary for high penetration of EG in the 

study system. The next step is to determine an appropriate solution of dynamic reactive 

compensation that could successfully eliminate the adverse impact brought by EG. A complete 
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solution of dynamic reactive compensation consists of the size of required dynamic reactive 

facilities and their locations. 

 

4.1 Size of Dynamic Reactive Facilities 

 
As mentioned above, the level of adverse impact on system dynamic performance by EG depends 

on the locations of EG units and displaced generation. If all the capacity of EG units is utilized to 

alleviate the transmission system stress by supplying just local load and displace remote 

generation, (Scenario 3), minimum or no dynamic reactive compensation is required. Practically, 

alleviation of transmission system stress is one of the benefits provided by EG. This indicates that 

dynamic reactive capability of EG units may be lower than that of conventional synchronous 

generators to maintain the same system dynamic performance. 

 

The IESO acknowledges the benefit of EG on alleviating the transmission stress and proposes a 

new approach to define the requirement of dynamic reactive capability for EG. In this approach, 

the capacity of EG behind each substation is divided into the following two parts:  

 

 Part I: the part of EG capacity equal to the local load within a distribution system (the system 

behind transformers of a substation).  

 Part II: the part of EG capacity equal to the reverse power through substation transformers 

brought by EG units.  

  

Approximately, we assume that Part I capacity is utilized to alleviate the stress of the 

transmission system and require no dynamic reactive compensation for this part of EG capacity. 

Part II capacity is equivalent to a generator directly connected to the transmission system and the 

dynamic reactive compensation for this part capacity should meet the dynamic reactive 

requirement in the Market Rules for a synchronous generator. 

 

The relief of dynamic reactive requirement for Part I capacity follows the conclusions obtained in 

Section 3 (Scenario 3) and assumes that the generation to be displaced by EG is located at the 

system sending end. This assumption is only valid under a light load condition when the system is 

not stressed. If the transmission system is not stressed, the transmission system could be 

approximately reduced to one bus and all the generators directly connected to the transmission 

system approximately reduced to one generator at this bus which is the high-voltage side of the 

substation transformers.  

 

When the system is stressed, the transmission impedance plays a critical role in consuming the 

system reactive power and the transmission system could not be reasonably reduced as 

aforementioned for the light load condition. The generation to be displaced can be no longer 

assumed at the sending end. Thus, even though there is no reverse power through substation 

transformers under the peak load condition, the system performance may be deteriorated by the 

penetration of EG depending on the location of generation to be displaced. 

 

Therefore, dynamic reactive compensation for penetration of EG should be determined under the 

light load condition. The proposed approach needs to determine the amount of dynamic reactive 

compensation pursuant to the requirement in the Market Rules for the generating capacity equal 

to maximum reverse flow through substation transformers under the light load condition.  
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The Market Rules require that a synchronous generator unit connecting to the ICG must have the 

minimum capability to supply reactive power continuously at all active power outputs in the 

range of 0.9 lagging to 0.95 leading power factor based on rated active power at its generator 

terminal. Assuming total EG capacity behind one substation is PEG, and total load behind this 

substation at the light load condition, including distribution losses and transformer losses, is PL, 

Light, the maximum reverse power through substation transformers would be (PEG-PL, Light). 

Therefore, required capacity of dynamic reactive facilities could be deduced as 

+0.484 (PEG-PL, Light)/-0.33 (PEG-PL, Light). 

 

The proposed approach also assumes that, to accommodate a certain amount of EG, required 

dynamic reactive compensation to maintain dynamic performance of the system under the peak 

load condition is identical to the dynamic reactive requirement under the light load condition. 

This assumption will be verified through simulations. The dynamic reactive compensation 

determined by this approach is adequate to maintain the system dynamic performance under any 

operation condition. 

 

4.2 Location of Dynamic Reactive Facilities 

 

Dynamic reactive facilities of required size may be spread and located at various sites to provide 

the appropriate level of compensation and lowest cost option for the rate payer or proponents. 

Various location options include: 

(1) LV bus of the substation 

(2) Along the LV feeder lines 

(3) At the EG sites 

(4) HV side of a substation 

 

In Options (1)–(3), dynamic reactive facilities are distributed at all the substations with EG units. 

The size of dynamic reactive devices for each substation is separately determined by the 

maximum reverse flow through substation transformers under the light load condition. We call 

these types of dynamic reactive compensation as Distributed Solution. 

 

Option (4) addresses dynamic reactive compensation for EG projects at the transmission level on 

a regional basis. This option selects one or two substations and installs regional required dynamic 

reactive facility at the HV bus of the selected substations. The size of dynamic reactive facilities 

is equal to the aggregate size of dynamic reactive facilities in the distributed solution. This type of 

dynamic reactive compensation is called as Aggregate Solution. 

 

In the next section, we will look into Option-1 distributed solution and Option-4 aggregate 

solution, and compare the effects of both solutions on system dynamic voltage performance.  

 

5. High Penetration of EG in Southwest ICG 

 
High penetration of EG into a practical system of southwest ICG is studied to justify the necessity 

and the adequacy of dynamic reactive compensation deduced by the proposed approach. The 

southwest ICG consists of all 230-kV and 500-kV transmission system south of Essa TS, west of 

Claireville TS, and east of Buchanan TS and Longwood TS.  
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Table 1 lists the EG projects that are practically most probable to be incorporated into the 

Southwest ICG. These EG projects are distributed in 14 substations. Column II in Table 1 shows 

the maximum allowed reverse flow through transformers at each substation. The maximum 

allowed reverse flow is imposed by transmitter Hydro One and equal to 60% of the full-cooling 

rating of transformers at each substation. Column III is the minimum load of each substation 

corresponding to the system light load condition. Columns II and III determine the maximum 

capacity of EG units behind each substation, shown in Column IV. The study adopts the PSS/E 

Vestas V82 model to represent the EG units. Number and capacity of EG units behind each 

substation are shown in Column V and VI, Table 1. Total capacity of EG units to be installed in 

the Southwest ICG is 1001.55 MW. 

 

Table 1: List of EG projects in the Southwest ICG 

Substation 
Max Allowed  

Reverse Flow (MVA) 

Min Load 

(MW) 

Max EG 

(MW) 

# of Vestas 

 V82 Unit 

Actual 

EG(MW) 

Centralia 22.5 14.1 34.4 20 33 

Elmira 20 14.9 32.9 19 31.35 

Fergus 75 40.4 107.9 65 107.25 

Goderich 22.5 0 20.3 12 19.8 

Hanover 50 43.9 88.9 53 87.45 

Jarvis 50 41.3 86.3 52 85.8 

Meaford 25 13.2 35.7 21 34.65 

Norfolk 50 19.5 64.5 39 64.35 

Orangeville 

50 41.1 86.1 52 85.8 

25 7.2 29.7 18 29.7 

50 10.2 55.2 33 54.45 

Owen  Sound 75 51.4 118.9 72 118.8 

Palmerston 50 21.5 66.5 40 66 

Seaforth 25 13.6 36.1 21 34.65 

Stayner 50 38.3 83.3 50 82.5 

Wingham 50 22.3 67.3 40 66 

Total   1014 607 1001.55 

 

 

Double-line-to-ground (LLG) fault on double 500-kV circuits B560V/B561M (Bruce by 

Claireville and Milton) at Willow Creek Junction is simulated to investigate system dynamic 

performance. This is the worst-case disturbance in the southwest ICG in terms of dynamic 

voltage performance. 

 

The Option-1 distributed solution of dynamic reactive compensation is firstly chosen to study the 

impact of EG with or without proposed amount of dynamic reactive compensation. Dynamic 

reactive facilities are represented by STATCOM devices. Total capacity of STATCOM devices is 

about 295 MVAr based on the proposed approach. Under pre-fault conditions, STATCOM 

devices are running close to zero output to achieve a maximum effect of dynamic reactive support 

to the system. Static reactive facilities (shunt capacitors and/or reactors) are used as necessary at 

appropriate locations to achieve such an operating condition. 

 

For each study case, we primarily examine the 230-kV voltage response at Orangeville, 

Buchanan, and Burlington TS, which is taken as the indication of system dynamic performance in 

the southwest ICG.  
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5.1 Impact of EG with/without Dynamic Reactive Compensation 

 

5.1.1 Light Load Condition 

 

2008 light load base case, with approximately 12406 MW demand and 12723 MW generation in 

the IESO-controlled grid, is used for simulation. Table 2 shows the study scenarios for light load 

condition. Before the incorporation of EG, there is 1000 MW generation (2 generating units) 

scheduled in one of three generation stations: Nanticoke, Lennox, and Lambton GS (Scenarios 1-

3). The 1000 MW EG displaces this 1000 MW generation in Scenarios 4-5. 

 

Table 2: Scenario Definitions for Light Load Condition 

Scenario 
Generation Scheduled 

STATCOM 
Nanticoke Lennox Lambton EG 

1 1000 MW 0 0 0 - 

2 0 1000MW 0 0 - 

3 0 0 1000MW 0 - 

4 0 0 0 1000MW 0 

5 0 0 0 1000MW 295 MVAr 

 

 

Figures 4-6 show the voltage responses due to the LLG faults on circuits B560V/B561M at 

Willow Creek Junction under the light load condition. For the existing system, 1000-MW 

generation at Nanticoke GS (Scenario 1) provides the best system performance and 1000-MW 

generation at Lambton GS (Scenario 3) provides the least performance in the original system. 

Penetration of EG without STATCOM devices significantly slows the post-fault voltage 

recovery. After the installation of proposed STATCOM devices, the system dynamic 

performance is restored and better than the least performance (Scenario 3) of the original system 

at Orangeville and Burlington TS. The dynamic performance at Buchanan TS is still a bit worse 

than the least level of the original system. However, they are quite close to each other.  Thus, the 

proposed dynamic reactive compensation successfully eliminates the adverse impact of EG units 

on system dynamic performance. 

5.1.2 Peak Load Condition 

 

2008 peak load base case, with approximately 27953 MW demand and 28812 MW generation in 

the IESO-controlled grid, is adopted for simulation. In the original system, most units in 

Nanticoke, Lennox, and Lambton GS are in-service. Penetration of EG would displace the 1000-

MW generation by shutting off 2 generating units at one of the three plants: Nanticoke, Lennox, 

and Lambton GS. Table 3 shows the study scenarios for peak load condition.  
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Table 3: Scenario Definitions for Peak Load Condition 

Scenario 
Generation Displaced EG 

Scheduled 
STATCOMs 

Nanticoke Lennox Lambton 

1 0 0 0 0 - 

2 1000MW 0 0 1000MW - 

3 0 1000MW 0 1000MW - 

4 0 0 1000MW 1000MW 0 

5 1000MW 0 0 1000MW 295 MVAr 

6 0 1000MW 0 1000MW 295 MVAr 

7 0 0 1000MW 1000MW 295 MVAr 

 

 

Figures 7-9 show the voltage responses due to the LLG fault on circuits B560V/B561M at 

Willow Creek Junction under the peak load condition.  In Figures 7(A)-9(A), the voltage response 

after EG penetration without dynamic reactive compensation (Scenario 2, 3, and 4) is compared 

with the response in the original system (Scenario 1). The system voltage performance is 

deteriorated by the penetration of EG. The level of adverse impact depends on the location of the 

displaced generation. The system voltage would not recover if the EG displaces the generation at 

Nanticoke GS (Scenario 2). It takes much longer time for the voltage recovery when displacing 

the generation at Lennox GS (Scenario 3), as compared with the original system. Replacing the 

generation in Lambton GS (Scenario 4) has relatively less adverse impact. This is due to the 

alleviation of the transmission system stress brought by penetration of EG. Lambton GS is 

approximately at the sending end of the southwest ICG. However, the lowest post-fault voltage at 

Orangeville TS in Scenario 4 is decreased below 0.7 pu due to the incorporation of EG, which is 

not acceptable based on the Market Rules.  

 

Figures 7(B)-9(B) compare the voltage response of EG penetration with dynamic reactive 

compensation (Scenarios 5, 6 and 7) with the original system (Scenario 1). The voltage response 

in Scenarios 5 and 6 is almost identical at Orangeville, Buchanan, and Burlington TS and 

Scenario 7 provides a better system dynamic performance than Scenarios 5 and 6. All the three 

scenarios with proposed dynamic reactive compensation provide better dynamic performance 

than the original system (Scenario 1). This indicates that the proposed dynamic reactive solution 

successfully eliminates the adverse impact brought by the penetration of EG and restores the 

dynamic system performance to or above the original level. 

 

Figures 7-9 indicate that although there is no reverse flow through substation transformers under 

the peak load condition, the system dynamic performance is adversely impacted by penetration of 

EG without dynamic reactive capability. Dynamic reactive compensation is necessary to maintain 

the reliability of the ICG. Proposed distributed solution of dynamic reactive compensation is 

adequate to maintain the system dynamic performance. 

 

5.2 Comparison of Dynamic Reactive Solutions 

 

Simulations are performed to look into the aggregate solution (Option 4) and compare it with the 

distributed solution (Option 1). STATCOM devices distributed at all substations with EG in the 

Subsection 5.1 are replaced by one STATCOM device of 295 MVAr, which is equal to the 

aggregate capacity of distributed STATCOM devices, installed at the 230-kV bus of Orangeville 

TS.  
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Figures 10-12 show the voltage response under the light load condition for both distributed and 

aggregate solutions of dynamic reactive compensation, and the original system. The aggregate 

solution results in a better voltage performance at Orangeville TS, and a bit worse performance at 

Buchanan and Burlington TS, as compared with the distributed solution. The dynamic voltage 

performance at Buchanan and Burlington TS based on the aggregate solution is a bit worse than 

the least performance in the original system. However, the difference is quite small. 

 

Figures 13-15 show the voltage response under the peak load condition for both distributed and 

aggregate solutions of dynamic reactive compensation, and the original system. The dynamic 

voltage performance based on the aggregate solution is worse than the distributed solution. 

However, the voltage performance based on the aggregate solution is no worse than that of the 

original system. The aggregate solution of dynamic reactive compensation is adequate to 

maintain the system reliability after the incorporation of a large amount of EG. 

 

Simulation results indicate that the aggregate solution of dynamic reactive compensation, with the 

same capability as the distributed solution, is adequate to eliminate the adverse impact caused by 

high penetration of EG, although the distributed solution is more effective to improve the system 

dynamic voltage performance. It is suggested that more than one substation be selected for 

dynamic reactive facilities in the aggregate solution to improve its effectiveness. 

 

6. Summary and Conclusions 
 

This report investigated and identified the potential adverse impact of high penetration of EG on 

system dynamic performance. The IESO have proposed an approach to determine appropriate 

amount of dynamic reactive compensation for the EG to eliminate the adverse impact of high 

penetration of EG. Two dynamic reactive solutions: distributed and aggregate solutions have been 

proposed and studied.  

 

Short-term voltage stability of a study system and the southwest ICG, with and without high 

penetration of EG, has been studied in the PSS/E time-domain simulation environment. The study 

results conclude that: 

 

 High penetration of EG units may have adverse impact on system dynamic performance. 

Dynamic reactive compensation is required to maintain the system dynamic performance, 

 Dynamic reactive compensation, obtained based on the requirement in the Market Rules for 

the generating capacity equal to maximum reverse power through substation transformers 

under the light load condition, is adequate to eliminate the possible adverse impact of EG 

units on system dynamic performance, 

 Both distributed and aggregate solutions of dynamic reactive compensation for EG units are 

appropriate to maintain the system dynamic performance. 
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Appendix: Figures 

 

 
 

Figure 1: Single line diagram of the study system 

 

 

 

 
 

Figure 2: Voltage response at the 500-kV receiving bus due to a 3-phase fault at the middle 

of one 500-kV transmission line, tripped 100 ms after the fault inception 
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Figure 3: Voltage response at the 500-kV sending bus due to a 3-phase fault at the middle of 

one 500-kV transmission line, tripped 100 ms after the fault inception 

 

 

 
 

Figure 4: Voltage response of Orangeville 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 
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Figure 5: Voltage response of Buchanan 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 

 

 

 
 

Figure 6: Voltage response of Burlington 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 
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(A) EG Penetration without STATCOMs 

 

 

 
 

(B) EG Penetration with STATCOMs 

 

Figure 7: Voltage response of Orangeville 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 
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(A) EG Penetration without STATCOMs 

 

 

 
 

(B) EG Penetration with STATCOMs 

 

Figure 8: Voltage response of Buchanan 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 
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(A) EG Penetration without STATCOMs 

 

 

 
 

(B) EG Penetration with STATCOMs 

 

Figure 9: Voltage response of Burlington 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 
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Figure 10: Voltage response of Orangeville 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 

 

 

 
 

Figure 11: Voltage response of Buchanan 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 
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Figure 12: Voltage response of Burlington 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the light load condition 

 

 

 
 

Figure 13: Voltage response of Orangeville 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 
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Figure 14: Voltage response of Buchanan 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 

 

 

 
 

Figure 15: Voltage response of Burlington 230-kV bus due to the LLG fault on circuits 

B560V/B561M at Willow Creek Junction under the peak load condition 



February 27
th

, 2009  Page 20 of 20 

 

References 
 

[1] L. Y. Taylor and Shih-Min Hsu, “Transmission Voltage Recovery Following a Fault Event in 

the Metro Atlanta Area”, in Proc. 2000 IEEE Power Engineering Society Summer Meeting, 

vol. 1, pp. 537-542. 

  

[2] J. A. Diaz de Leon II and C. W. Taylor, “Understanding and Solving Short-Term Voltage 

Stability Problems”, in Proc. 2002 IEEE Power Engineering Society Summer Meeting, vol. 2, 

pp. 745-752. 

 

[3] C. W. Taylor, Power System Voltage Stability, New York: McGraw-Hill, 1994.  

 

[4] IEEE Committee Report, “Standard Load Models for Power Flow and Dynamic 

Performance”, IEEE Transactions on Power Systems, vol. 10, no. 3, pp. 1302-1313, August 

1995. 


