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Abstract

With drastic transformation of the electrical power system, the challenges related to

planning, operation, and maintenance of power systems are increasing. The controls and

operating procedures of the power systems have to be re-evaluated because certain inherent

characteristics of the power system—like inertia, response time, and control behavior—

are changing drastically. With improved wide area measurements and analysis techniques

detecting wide area phenomena, analyzing them and eventually developing mitigation

procedure that not only ensure resiliency but in some cases even improve it have become

necessary.

Resiliency of a power system is an amalgamation of broad concepts like robustness,

resourcefulness, rapid recovery, and adaptability. The exact implication of these concepts

on power system planning and operation is subject to the characteristics of the system and

also the phenomena under study. Therefore, based on these distinctive characteristics, it is

important to identify the appropriate tools and techniques to assess them. In this thesis, new

algorithms to analyze the wide area measurements, new models to analyze future scenarios,

and new control techniques to ensure the resiliency of the system are discussed.
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Chapter 1

Introduction

Electric power system is one of the largest man-made networks in the world. A reliable and

efficient bulk electric system (BES) is the backbone of a thriving economy. The conditions

of BES are constantly changing due to a number of factors like constantly changing load

requirements, contingencies, climate, gas supply, EMP attacks, etc. In spite of these changing

conditions, the balance between generation and load and operating of all the components

within safe limits must be ensured at all times. Therefore, maintaining and improving the

resilience of the system is a challenge. Therefore, there are a number of organizations working

together to ensure the stability of the power system.

Electric Reliability Organization (ERO) Enterprise is comprised of the North American

Electric Reliability Corporation (NERC) and the seven Regional Entities (REs). Their

mission is to assure the effective and efficient reduction of risks to the reliability and security

of the grid.[1] Recently, the Reliability Issues Steering Committee (RISC) has developed

a framework to assess and maintain the resilience of the bulk energy system as shown in

Fig. (1.1) (reproduced from [1]). The four outcome based resilience are included as follows:

1. Robustness: This is the ability of the system to continuously operate during contin-

gencies, including certain low-probability events like geomagnetic events. Robustness

includes development of redundant systems, inclusion of better equipment, and devising

mitigation procedures to handle high impact events.
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Figure 1.1: RISC’s Model for Reliable Operation of the BPS

2. Resourcefulness: This is the ability to detect events, identify their origin, and determine

the risk to the system. Resourcefulness includes using all the possible measurements,

previous event analysis, and expertise of people to mitigate the situation.

3. Rapid recovery: This is the capacity of the system to return within safe operating

limits by using flexible resources like high-voltage direct current (HVDC) and battery

with the help of controls including wide area controls.

4. Adaptability: Considering the rapidly changing nature of the power system, adapt-

ability is the ability of the system to be flexible and maintain the stability, which is

also important from a resilience standpoint.

NERC identifies the risks to the reliability of the BPS, as well as the mitigating factors

that may reduce or eliminate the reliability risk. This identification is done based on data,

event analysis, and expert judgment of the staff. These sources provide a guideline for the

regional entities to focus their planning, monitoring, and mitigating activities. However, the

priority of these risks is identified on a continent-wide level, providing a broad guideline for
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each of the regional entities to focus their efforts into studying the risks that affect their

region specifically.

The rate of renewable energy integration has been increasing at an unprecedented rate.

In 2018 alone, around 181 GW of renewable power generation was installed. As a result,

the renewable power capacity has more than doubled in the decade 2007–2018. As shown

in Fig. 1.2 (reproduced from [2]), solar PV accounted for highest increase and was in fact

higher than both fossil fuel and nuclear generation combined. The total renewable power

capacity is currently around 2378 GW. The generation mix of the United States is shown in

Fig. 1.3 (reproduced from [3]).

In the United States, the contribution of renewable energy sources other than hydro

power is projected to increase to 13 percent by 2020 [3]. Around 11 GW of wind generation

and around 4 GW of solar generation is predicted to come online by 2019. The annual

electricity change by energy source is shown in Fig. 1.4 (reproduced from [3]).

The RISC has identified many risks to the power system. One of them is the changing

generation mix, which is considered as a risk because with increased penetration of renewable

energy sources, the fundamental nature of BES will change. The characteristics of renewable

energy sources will have a far-reaching effect on planning, operations, and stability of the

system. Some of the issues related to renewable energy sources are as follows:

Figure 1.2: Annual Additions of renewable power capacity, by technology and total, 2012
2018
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Figure 1.3: US electricity generation by generation source

Figure 1.4: The annual electricity change by energy source
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1. The load profile of the system will change especially with large-scale additions of rooftop

solar PV. New ramping and in some cases over-generation scenarios will have to be

studied.

2. There will be increased variability in the system due to the close coupling of power

generation and climate. Therefore, additional resources like energy storage will have

to be deployed.

3. The inertia of the entire power system will reduce due to retiring of the traditional

power generators. The inherent capability of the power system to resist change will

reduce and will have to be replaced.

4. The control characteristics of the inverters, including interactions between the systems,

will have to be studied in detail.

In order to deal with transformation of the grid, analyzing and studying the effects of

these models is important. Transient stability simulations have been one of the most widely

used tools to study the stability of the system. These simulations are phasor-based time

domain simulations that are used to potentially identify risks to the BES. They are also one

of the primary tools used to study future scenarios and test new control strategies. Thus the

main focus of this thesis is to develop models, scenarios, and algorithms to help understand

the effects of the changing generation mix but also find new solutions to improve them.

Each of these interconnections has different capacities. The largest of the interconnections

is the Eastern Interconnection (EI). The net generation in the EI reached almost 570 GW

in the winter of 2017. The second largest interconnection in terms of generation capacity

is the Western Interconnection, whose peak generation reached over 180 GW. The Quebec

Interconnection generates over 33 GW predominantly from the hydroelectric dams in the

area. The Texas Interconnection generates over 76 GW and has the highest penetration

level of renewable energy.

As they are connected to each other only through DC ties, stability studies are performed

on each of these interconnections by themselves. Over the years, there have been several

models developed to study them. These planning models have to meet the standards specified

5



by NERC. In the EI, the Multiregional Modeling Working Group (MMWG), under the

oversight of the Eastern Interconnection Reliability Assessment Group (ERAG), develops

models for the interconnection. Similarly there are WECC and ERCOT models. The summer

peak model was the most commonly used model because the largest load amount used to be

in the summer. However, the light spring model is also becoming important, especially to

study the effect of increased renewable energy penetration.

These models have now been further validated based on the FNET measurements[4–6].

In [6], the importance of accurate modeling of governor dead band on the frequency response

of the system was shown. In [4], the WECC and ERCOT models were also tuned for an

event. Thus, apart from analyzing future scenarios, these models are essential for testing

new control schemes. However, these are only a snapshot of the bulk electric system. In this

work, the model is further tuned using PMU data.[7]

All of these interconnections are connected through back-to-back DC connections. They

are seen to be isolated and thus are usually studied one at a time. However, there have been

several proposals to connect these interconnections. The main motivation behind connecting

these interconnections is to share the ancillary services among the interconnections and make

power system operation more economical. As the geographical footprint of the entire system

is quite large, the variation in load across the three interconnections will be more balanced.

In the future, there will be a need to integrate renewable energy sources, and most them

are found far away from the load centers and in the central part of the continent. Thus, it

would be beneficial to study plans of better utilization.

In this dissertation, Chapter 1 deals with the generation trip estimation based on the rate

of change of frequency (ROCOF) calculated from frequency disturbance recorders (FDRs).

In Chapter 2, the estimation of PV generation that underwent momentary cessation is done.

In Chapter 3, the influence of load model on the frequency response of the WECC system is

discussed. In Chapter 4, an auxiliary controller that improves the transient stability of the

WECC system using short-term overloading capability of the HVDC system is proposed and

tested. In Chapter 5, the issues related to developing a North American large-scale dynamic

model is discussed. In Chapter 6, the frequency sharing between the interconnections is
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proposed and tested. The overall conclusion and the proposed future work are discussed in

the last section
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Chapter 2

Generation Drop Estimation using

FNET measurements

2.1 Introduction

Wide area monitoring systems (WAMS) have become a vital part of power system

monitoring, operation, and control[8–10]. FNET/GridEye is one such system that has been

monitoring and analyzing power systems all over the world [11] . The most important

component of the system are the Frequency Disturbance Recorders (FDRs). These are the

sensors that acquire GPS-synchronized frequency, voltage, and phase angle measurements

at 120 V outlets (homes and work places) and transmit them via internet to the central

servers. Two data centers have also been configured to receive, process, and store all the

measurement data collected by these FDRs. The structure of the FNET/GridEye system is

shown in Fig. 2.1 (reproduced from [10]).

Over the years, various applications have been developed using these measurements [10].

Among the applications like event visualization [12], model validation [13], historical data

analysis [10], and modal analysis using ambient measurement data [14], disturbance detection

and location [15] is one of the most popular applications that is currently used by many

industry members including the NERC.

Applications to detect and analyze various disturbances [16] including generator trip [17],

line trip [17], islanding, and oscillation detection [18] are constantly improved. Among these
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Figure 2.1: Multi-layer architecture of fnet/grideye data center

applications, generator trip location and estimation has received a lot of attention as it

provides useful information to the operators in an interconnection. As soon as a generator

trip is detected, FNET/GridEye sends an alert to all the members.

The event location application is quite accurate. However, estimation of actual generator

trip amount needs to be improved. The current method uses the frequency response value and

the pre-disturbance frequency and post-disturbance settling frequency to determine the total

generation lost[17, 19]. However, frequency response in an interconnection is not constant

and can vary significantly based on the generator headroom and load response.

Recently, there was a considerable amount of work done in [20] to improve the accuracy

of the generation estimation using the rate of change of frequency (ROCOF) and also taking

into account the seasonal and daily variation. This improved algorithm was even able to

identify low-inertia events in the system. However, in this algorithm a single ROCOF was

considered for the entire interconnection. Considering the size of these interconnections, it

is not accurate to consider just the median.

Apart from the work done in the FNET lab, there have been other studies conducted

to improve generation estimation based on the frequency measurements. In the context of

designing an adaptive under-frequency load shedding scheme, ROCOF-based generation loss

estimation has been proposed [21]. The loss has been estimated based on the swing equation

and the ROCOF value at all generators. In another work conducted, [22], an analytical
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method to estimate the generation drop is proposed that also accounts for the reduction in

system inertia due to the loss of the generation itself. In the work conducted on the Great

Britain system [23], a method to estimate the system’s inertia is proposed. The authors use

multiple measurements and generation drop knowledge to calculate the inertia of the system.

The aim of the work discussed in this chapter is to improve the existing generator

estimation algorithm for the FNET system, taking advantage of the inertia data available

from the NERC. In this chapter, multiple FDR measurements, NERC regional inertia data,

and Western Electricity Coordinating Council (WECC) event data are used to calculate the

generation drop in the WECC system. A comparison of the methods previously used in the

FNET system is done and the results are presented.

The basic stages of determining the generator lost are shown in Fig. 2.2. Each of these

stages is discussed in detail in the following sections. The results of the estimation are

discussed.

2.2 Processing of Raw FNET Data

Phasor measurements are done in each of the FDRs using a GPS signal receiver that

regulates the sampling process. The basic architecture of the system is shown in Fig. 2.1.

The voltage, frequency, and phase angle magnitude calculation is done based on a discrete

Fourier transformation algorithm. The data is then stored in data centers after they are time

stamped. Over the years, the FDR has been regularly been improved to its most current

form shown in 10 data points per second are stored.

Figure 2.2: Stages of Calculation of Generation drop
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Event detection and alerts are an important part of the FNET applications. Generation

drop is one of the most commonly detected events. For active power imbalance, the

thresholds are empirically determined, e.g., 3.3 mHz/sec for the Eastern Interconnection,

7 mHz/sec for the Western Interconnection. These events are stored automatically. The

data plot for one of the events is shown in Fig. 2.3. A total of 10 minutes of the event is

shown in Fig. 2.3. With this level of resolution, it seems like the frequency of the entire

interconnection is similar. However, when the plot is zoomed in, the difference in frequency

and ROCOF is evident as shown in Fig. 2.4.

When the median of the data is plotted as the black line, it is clear from the Fig. 2.4

that using the median smooths the curve and also removes some oscillations present. In

order to calculate the initial frequency, nadir, and settling frequency, using the median of

the frequency data seems to be adequate. ROCOF is to be calculated using the data after

0.5 s of the event, and the calculation is not straightforward.

The raw data has a lot of noise. Calculation of ROCOF based on the just the raw data

will contain a lot of noise, and the oscillations of the system will also impact the ROCOF of

the system. Currently the 10 data points per second are stored. Therefore, there is a need to

find a compromise between ensuring the accurate ROCOF can be determined while filtering

the noise. In this work, similar to the filtering technique in [24], a Butterworth filter is used

Figure 2.3: Generation drop event data plot
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Figure 2.4: Generation drop event data plot (zoomed)

to remove the transients and noise from the frequency measurements. The effect of choosing

the cutoff frequency on the filtered frequency value is shown in Fig. 2.5

There are over 300 FDRs around the world. In order to determine the generator drop,

one of the basic approaches is to assume that the entire system is a one large synchronous

machine. Therefore, using all the raw data to find a single frequency response of the

entire system that ignores all the noise and oscillations of the system and provides a

smooth frequency response will determine the ROCOF. This is the method that has been

used in previous ROCOF-based determination [20]. In [20], the frequency of the entire

interconnection is determined by using a median filter on all of the FDR measurements.

This eliminates some of the oscillations as well. In this work, the center of inertia (COI)

frequency of the entire system is calculated by grouping the available measurements based

on the control areas of the WECC system. The COI frequency of the entire interconnection

is determined based the inertia value of the regions. The comparison of these frequencies

is shown in Fig. 2.6. The frequency behavior at this resolution seems equivalent. However,

when zoomed in after the event as shown in Fig. 2.7, the difference is evident.
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Figure 2.5: Effect of filtering on raw data

Figure 2.6: Comparison of the frequency measurements
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Figure 2.7: Comparison of the frequency measurements (zoomed)

2.3 Calculation of ROCOF

In the past, several ROCOF values have been employed to assess the frequency response of

the system. The ROCOF based on the 3s sliding window is commonly used to determine

the frequency response of the entire interconnection. This large window size will ensure that

most the local oscillations are attenuated. However for calculation the generation drop based

on the initial ROCOF value, three seconds window size is too large as the governor response

and load response will have an impact. The other most commonly used ROCOF method is

based on the sliding window of 500ms. This method has also been used to determine the

generation drop. In [20], the ROCOF value with a 500 ms sliding window on the median

frequency has been used to determine the generation trip amount. This method is more

accurate. However, for systems like the Western Interconnection that are geographically

widespread, the median ROCOF determined will be an average value as shown in Fig. 2.4

and might ignore some of the local inertial and load response.

In the current work, in order to ensure higher accuracy, the sliding window of 100ms is

used to determine the ROCOF. Similar to the frequency data plot, a ROCOF plot can also

be obtained. After some experimentation it was seen that using of the maximum value of

the ROCOF during the event might provide the most accurate estimate of the generation

lost.
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2.4 Calculation of Generation Drop

After a generation trips in the system, there is a power imbalance in the system. This

imbalance is most predominantly reflected in the frequency change of the system. A typical

frequency response (reproduced from [25]) in the power system is shown in Fig. 2.8. After the

generation drop, the inertial support represented by the yellow curve is almost instantaneous.

During this initial period, the frequency drop seen in the system is the highest. The slope

of the curve at this point is primarily dependent on the inertia of the system. The load

responds to the reduction in voltage and frequency and provides some support to the system

as shown by the purple curve. However, the frequency decline is arrested at point C after the

governors start responding. The governor response as shown by the blue curve is delayed due

to the dead band and the inherent time delays present in the system. Therefore, even after

the frequency stops declining, the governors keep providing additional support, eventually

leading to the frequency settling. At this stage, the inertial support reduces to zero and the

load and governor response are the only factors affecting the settled frequency.

In this chapter, two methods are discussed based on the primary frequency response

to calculate the generation drop. The first method involves the calculation of generation

drop based on the governor response and the difference in frequency before the event and

frequency when it is settled after the event. This method is simpler of the methods as only the

Figure 2.8: Primary frequency response
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calculation of the average frequency measurements is needed. Considering the large number

of FDRs available, there will be a lot of redundancies in the calculation, thus ensuring higher

reliability.

The primary response of the system constantly changes. Therefore, using only the initial

inertial response to calculate the generation lost will be more accurate. With increased

penetration of renewable energy sources and their variable and fast response, it may be

useful to use the ROCOF-based methods. Among this method, two alternatives based on

the mean ROCOF value and the COI ROCOF value are also discussed and compared.

2.4.1 Using the governor response values to calculate generation

trip

In this method, the generator trip amount is calculated based on the governor response. As

shown in the Fig. 2.8, in order to estimate the generator trip amount, the effect of inertial

response has to reach zero. Therefore, the change in frequency needs to be calculated after

the frequency has stabilized. Assuming, the governors control the real power output of the

generators based on the frequency change in the system. The change in power generation

with change in frequency for a single generator is shown in 2.1.

∆pm = ∆pref − 1

R
∆f (2.1)

where ∆ f is the change in frequency, ∆pm is the change in turbine mechanical power

output, and ∆pref is the change in a reference power setting. R is called the regulation

constant. For an entire area, the aggregate governor response can be determined as shown

in 2.2

∆pmsys = ∆prefsys − β∆f

∆pmsys =
∑n

li=0 ∆pmi ,∆p
e
sys =

∑n
li=0 ∆pei , β =

∑n
li=0

1
Ri

(2.2)

where β is called the frequency response of the interconnection. This value is determined

using past events [17]. During the period of study, if pref is assumed to be constant, then

the change in power can be determined based on the change in frequency. The change

in frequency is calculated based on the average frequency before the event and the settled
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frequency after the event. The pre-event frequency is calculated by averaging 4 seconds of

data before the event. The post-event frequency is calculated by averaging frequency data

after 5–9 seconds after the event. This is the method that has been implemented in the

FNET system. This method is computationally simple and fast to implement in real time.

The averaging of frequency signal reduces the noise. Considering only the median frequency

is to be determined, the large number of FDRs provides the much-needed redundancies.

However, the generation loss determination based on these equations does not consider the

load response or the change in inertia of the system. The frequency response of the system

itself changes constantly, which does not produce the most accurate results. This method is

also ineffective to determine the generation drop for the inverter-based events like momentary

cessation.

2.4.2 Using ROCOF and total inertia

The swing equation for a synchronous machine that governs the relationship between the

real power imbalance and frequency change is shown in following equation:

2H

ω0

dω(t)

dt
= Pm − P e (2.3)

The H constant shown in the above system represents the inertia of the machine; however,

an interconnection consists of several machines and loads. The aggregate model of the entire

system can be constructed as follows:

2Hsys

ω0

d ˆω(t)

dt
= Pm

sys − P e
sys (2.4)

Hsys =
∑n

li=0Hi, P
m
sys =

∑n
li=0 P

m
i , P

e
sys =

∑n
li=0 P

e
i

This equation is valid during the initial transition of the system before governors are

activated and loads provide support. Therefore, in theory, using the ROCOF of the

system during the initial stages, the amount of generation drop could be determined. This

involves processing the raw data to ensure that noise and small oscillations are ignored.

ROCOF-based estimation of the generation method described in [20] assumes that the entire

interconnection is one large system and the frequency response of the system is found by
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applying a median filter on all of the FDR measurements. The ROCOF is then calculated

based on the 0.5 s time difference. This method was useful in determining the low inertia

events that have become more common with increased penetration of renewable energy

sources. However, the actual inertial value has not been used in this method.

The inertia of the entire system constantly changes during the year as shown in Fig. 2.9.

Using the same inertia value of the system for all the event analysis might introduce errors.

Therefore, in this work, the inertia value as given by the NERC was used to improve the

accuracy of the generation loss estimation.

There will be a change in inertia distribution as well. The generation distribution, load

distribution, and even the climate of the Western Interconnection vary widely during the

year. Therefore, it might be important to consider different inertia distribution based on the

seasonal changes in the load. In this work, the inertia distribution based on the different

areas is obtained from the NERC and used appropriately based on the timing of the event.

Figure 2.9: Inertia distribution during the year
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2.4.3 Using ROCOF and regional inertia values

One of the shortcomings of the previous method is the assumption that the entire

interconnection is a single system. This assumption is not accurate when the system is

as large as the Western interconnection. As can be seen, the frequency measurements at

different FDRs are quite varied. The median value ignores the regional inertia distribution

of the system.

Theoretically, the most accurate method of determining the generation lost[21] is to use

the frequency change measurements at all the generators and use their individual inertia to

calculate the generator lost. However, for a system like WECC with over 2500 generators,

this method is not practical. Therefore, a better method is to use the regional characteristics

of the different control areas of the system to calculate the COI frequency. One such work

was previously conducted in [24].

COI frequency of the system is determined as follows:

2H1

ω0

dω1(t)

dt
+

2H1

ω0

dωn(t)

dt
+ ...+

2Hn

ω0

dωn(t)

dt
= Pm − P e (2.5)

where H1, H2, H3 are the inertias of the different control areas of the system. These control

areas are based on the actual control areas present in the WECC system.

2.5 Results

The generation trip events in the Western Interconnection during 2018 are studied in detail.

Around 30 generation events are analyzed in the Western Interconnection. The accuracy of

the methods is checked with actual generator drop value as reported to the NERC. The inertia

of the WECC system present during these events is also used to determine the actual value

of the generation lost. The frequency response method is based on the governor response of

the entire system and ignores the inertial change, load response of the frequency. This is the

method that is currently used in the FNET system to determine the generation lost. The

second method is based on using the median frequency measurement and also the ROCOF

calculation based on a 0.5 s sliding window to determine the final generation drop. The
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COI-based generation drop calculation is used to determine the frequency drop and finally

it was seen that when the average of the COI-based generation and the FNET method is

used. The accuracy of the methods is depicted in Fig. 2.10

For these generator drops, it is seen that COI-based generation estimation is the most

accurate. However, the amount of data required in terms of COI-based generation is quite

large. Even though there over 30 FDRs in the WECC region, their distribution is not

uniform. Thus, there are cases when the FDR data is not available for the entire regions. In

those cases, the effect of the area is ignored.

The ROCOF-based methods are very sensitive to oscillations. If there are a lot of

oscillations, the error in calculation of the generator loss is quite high. In those cases,

the traditional frequency response–based methods are more efficient. There needs to be a

compromise between these situations. Thus, the average method that uses both frequency

response and ROCOF method is also studied. It has been seen that even though the error

for this method is higher than the seasonal COI case, it is able to handle oscillations better.

Figure 2.10: Comparison of the accuracy of generation loss estimation algorithms
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2.6 Conclusion

In this chapter, the COI frequency–based method to calculate the generation trip amount

has been discussed. Real data from FNET has been used to calculate the generation trip

amount. This method has been compared with other methods that have been previously

used. The COI-based method shows improvement over previous methods, but its accuracy

also depends on obtaining accurate inertia values and ensuring that at least one FDR is

active in all of the control areas. In the future, the load response of the system will also have

to be taken into account in order to obtain even more accurate results.

As discussed in [26], the use of frequency and ROCOF-based methods to calculate the

generator drop has quite a few drawbacks. For the most accurate determination of the

generator drop, the frequency measurement from each generator will have to be obtained.

The real-time information about the inertia of the system will have to be obtained. It has

been our experience as well as other researchers’ that the noise in the ROCOF calculation is

quite high and will have an impact on the final generation estimation. In the future, methods

related to machine learning will probably yield more accurate results.
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Chapter 3

Estimating the PV Systems that

Experienced Momentary Cessation

3.1 Introduction

The phenomenon where the inverter temporarily ceases to inject active and reactive current

(“zero current injection”) into the point of connection with the grid is termed momentary

cessation. The inverter remains connected to the grid. An illustration of this phenomenon

is shown in Fig. 3.1.

Figure 3.1: Momentary cessation
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Momentary cessation is triggered when the terminal voltage is beyond a pre-specified

bandwidth. The generator stops injecting power and, after a time delay, generator output

is ramped up at a constant rate. This voltage threshold, time delay, and ramping rate vary

across manufacturers [27–29]. This phenomenon was first noticed during the Blue Cut Fire in

2016 when, after a fault, a large number of PV generators entered into momentary cessation,

causing a significant dip in the frequency of the entire Western Interconnection. This event

was not isolated; several such events have been recorded as shown in Table 3.1.

After a thorough investigation, the reason behind momentary cessation was determined

as follows:

• Incorrect frequency measurement: It has been observed that immediately following a

fault, there are jumps in the phase angles. These phase angle jumps cause erroneous

frequency measurements in inverters. The measurements are interpreted as being

beyond the safe working region, which eventually initiates momentary cessation. This

characteristic of the inverter was first identified in 2016 and the generator operators

were notified to resolve this issue by either adding filters or introducing a delay in

their inverters. Since then, the frequency measurement–based momentary cessation

has been resolved in most of the inverters.

• Voltage dip– or spike–based trigger: The other reason the inverters undergo momentary

cessation is that inverters have been built to enter momentary cessations when the

voltages go beyond a predefined threshold. This has been used in many of the

Table 3.1: Summary of the momentary cessation events recorded

Events Fault PV loss estimated SCADA Lowest frequency

Blue cut fire
(16 Aug 2016)

13 500 kV
line faults in SCE,

2 287 kV
line faults in LADWP

1200 MW 59.867

Canyon fire
(9 Oct 2017)

2 faults near Serrano 632 MW 58.878

April 20 2018 LL fault 1110 59.85
May 11 2018 LL fault 900 59.877
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inverters primarily due to the incorrect interpretation of the standard PRC-024-12

[30]. This region was previously interpreted as a must-trip zone, but was intended to be

interpreted as may-trip zone. The standard has been illustrated in Fig. 3.2 (reproduced

from [31]). It has been seen that a large percentage of the inverter manufacturers cease

the output.

Even though the new inverter resources that will be added will not undergo momentary

cessation and it is now currently not considered as a threat, accurate modeling of these

resources was important for planning studies during the time the issue was not resolved. A

survey by the NERC showed that among the inverter units (as shown in Fig. 3.3, reproduced

from [31]), around 11,821 units will cease output during abnormal voltages. The data

suggests that in theory around 14,113 MW injection could potentially enter momentary

cessation and have a large-scale impact on the bulk electric system. However, parameters

like voltage threshold, ramping rate, and time delay vary across manufacturers. To study

their effects on the BES, these PV generators would have to be modeled accurately.

One of the major issues is that the default parameters used in current models do not reflect

specific field settings of PV plants. For that reason, momentary cessation was not noticed in

generation integration studies or subsequent operation studies. Some of the recommended

models like REEC B and PVG1, PVE1 are not sufficient to model the momentary cessation

Figure 3.2: Revised Voltage Ride through time duration curve
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Figure 3.3: Survey of the inverters that cease output during abnormal voltages

accurately [32, 33]. Therefore, initially, user-defined models are included in addition to these

models to simulate momentary cessation behavior. Recently, REEC A and REGC A have

been used successfully to model momentary cessation and study its impact on the grid.

In one study [34], the impact of momentary cessation on the large-scale grid is seen to

be severe for some conditions. It is shown that the transient behavior of the system changes

significantly for different voltage thresholds and recovery time delays. It is seen that for a few

contingencies and a time delay of 0.5s, the grid could even become unstable [34]. During one

of the momentary cessation events, the power flow through the California-Oregon Interface

changed drastically as shown in Fig. 3.4 (reproduced from [35]).

Another study conducted by CAISO revealed that there could be significant impact on

the power flow on the California-Oregon Interface [35]. The focus of both these studies was

to study the worst-case impact of momentary cessation. Hence, similar values are used across

the converters. In reality, the values of the time delay and ramp rates vary significantly. In

order to determine their actual impact, it is important to ensure that each of them is modeled

accurately. It is of crucial importance to improve modeling of inverter-based resources (PV

plants specifically) to be able to accurately evaluate impact of momentary cessation on the

reliability of interconnection.

It is also a known fact that there were several solar units in the distribution system that

went into momentary cessation. However, considering they were solar rooftop units, it was

seen as a spike in load. Therefore, it might not be sufficient to model all the generators

in the system accurately. The change in solar power generation in the distributed system

will also have to be taken into account to completely understand the effects of momentary

cessation on the system.
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Figure 3.4: Effect of momentary cessation on the power flow of the California-Oregon
Interface

The initial work involves tuning the models currently available to accurately represent the

behavior of the PV system. Tuning is performed based on a real-life event and high-resolution

measurements (Digital Fault Recorders, DFRs). Considering that recorded data from a small

set of PV plants were available, multiple PV plants, including the ones at the distribution

level, were particularly challenging to tune. For their tuning, we used PMUs available from

transmission buses. These PMUs allowed estimation of the total MW reduction amount.

Later, FNET data and the generator loss estimation methods are used to independently

determine the PV generator loss that might have happened. In this work, an event from

April 2018 is studied.

3.2 Modeling of Momentary Cessation

The PV generator model in power system simulation software must have the following

properties as mentioned in [29]:

1. The model should be able to inject zero current for the specified time period when the

voltage at the terminal goes beyond the user-defined threshold.
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2. The model should be able to ramp up to the pre-fault levels of power injection at the

ramp rate that can be specified.

3. The models should have independent real and reactive current control.

4. The model should be able to restrict the reactive power injection during the fault

condition.

3.2.1 Basic Structure of PV Generators

Over the years, several generic models have been developed for converter-based generators

that are used for transient stability, voltage stability, and frequency stability studies of the

BES [29]. Specifically, for PV systems, the overall structure of the model used is shown in

Fig. 3.5 (reproduced from [29]).

The three main components of the model are:

1. REPC A: This is the plant controller and is responsible for the plant level control of

real and reactive power output. It provides real and reactive power command to the

current controller. For the purposes of the current study of momentary cessation, the

REPC A model is not necessary and has not been used.

2. REEC A or REEC B: This provides the active and reactive current command to the

current injection models. This current command is determined by the reference power

command, current limiters, and user-defined priority. It has the capability of injecting

or restricting current during a fault condition specified by the user.

Figure 3.5: Basic structure of PV generator model
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3. REGC A: This is the interface between the grid and the controller. It is a high-

bandwidth current regulator that injects real and reactive components of inverter

current into the external network. It has the ability to control the ramping rates

of current.

NERC recommends that the momentary cessation be modeled using the REGC A and

REEC A models. The voltage threshold and time delay are modeled using REEC A model

and the ramp rate is modeled using REGC A model. The parameters can be modified as

follows:

1. Voltage threshold: The voltage threshold is modeled using the REEC A model. Two

sets of piece-wise relationship can be defined for the real and reactive current limiter

using the VDL1 and VDL2 respectively. Four points can be defined to represent the

relationship between the voltage and maximum current rating. Thus, by setting the

current to zero when the voltage is lower than the threshold, triggering of momentary

cessation can be simulated.

2. Time delay: The REEC A model is designed such that the current output can be

frozen for a time delay specified by the user given by the quantity called thdl2.

3. Ramp rate: The ramp rate is modeled with REGC A model. Real power ramping

is specified using the rrpwr quantity. This rrpwr quantity is specified in pu on the

machine base.The reactive power ramping can be specified using iqrmax and iqrmin.

However, in this simulation, the reactive power was kept constant.

3.3 System Description and Methodology

A frequency drop event that was attributed to the momentary cessation was observed on

April 20, 2018. There was a line-to-line fault on a major 500 kV line in California. The fault

was cleared in less than 4 cycles (Fig. 3.6). In spite of the short fault-clearing time, many

of the PV plants entered into momentary cessation mode, resulting in significant frequency

drop in the WECC system. The frequency dropped to almost 59.87 Hz (Fig. 3.7). This

drop indicated a generation loss of about 1100 MW. CAISO and PG&E reported a drop in
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Figure 3.6: Voltage dip during the April 20, 2018 event

Figure 3.7: Frequency response during the April 20, 2018 event
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PV generation. However, drop in PV generation in residential inverters was also observed,

though there is no accurate method of determining the total number.

Data from SCADA, which is collected every 10 s, indicated that a total of 600 MW of

PV generation dropped after the event. In order to capture momentary cessation accurately,

a more precise data set was needed. The DFR recordings at several PV plants are used.

The data is collected 30 times a second. This data is not available at all PV plants’ points

of connection. Therefore, it might not be possible to replicate the exact frequency response

of the system. It is also almost impossible to accurately represent plants behind meters.

Therefore, PMU data available at various locations on major transmission buses is used to

further improve other PV plant models so that the measured and simulated values match

as much as possible. This approach allows us to estimate the actual power drop due to PV

plants entering into the momentary cessation mode, including the ones in the distribution

system. The simulation is done using the TSAT software and the WSM model. The base

case is a bus-branch model with 16,000 buses and 20,000 branches (dynamic) and 3,800

generating units. The PV generators are modeled using the REECA and REGCA models.

The archived case used is the case recorded just prior to the event. The fault is applied using

the details given in the NERC event report

3.4 Results

Initially, the default parameters for modeling momentary cessation that are used are as

follows: voltage threshold of 0.9 pu, time delay of 0s, and ramp rate of 10 pu/s. The response

is shown in Fig. 3.8 and Fig. 3.9. There is very little impact of momentary cessation on the

frequency response. Another simulation with time delay of 10s is done, and the response

is shown in Figs. 3.10 and 3.11. Frequency drops to 59.6 Hz. The large difference in the

impact of momentary cessation between the two simulations clearly illustrates the need for

accurate modeling parameters for simulation studies.

In order to accurately model momentary cessation, each PV plant is individually tuned

to replicate the event recording from the DFRs. Two such generators are discussed in detail.

DFR measurements are obtained from entities for several generators. The final tuned models
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Figure 3.8: PV plants output in MW using default parameters during the April 20, 2018
event

Figure 3.9: Frequency response using default parameters during the April 20, 2018 event
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Figure 3.10: PV plants output in MW (simulation) using a time delay of 10 seconds during
the April 20, 2018 event.

Figure 3.11: Frequency response using a time delay of 10 seconds during the April 20, 2018
event
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of the PV generators are shown in Figs. 3.12, 3.13. Parameters used are given in Table 3.2.

It is easy to see from the DFR measurements of generator 1 3.12 that there is no time

delay and the ramp rate is uniform. As shown in Fig. 3.13, the response of generator 2 is not

straightforward. In reality, there might have been multiple inverters with different responses.

The models usually used for stability are aggregated models. Generator 2 is split into four

individual generators 2a, 2b, 2c, and 2d to replicate the behavior accurately.

The power outputs of these generators 2a, 2b, 2c, and 2d are 125MW, 25 MW, 25 MW,

and 100 MW respectively. Generator 2c does not undergo momentary cessation; hence, it

is not switched. Generator 2d is disconnected completely after the fault to replicate the

reduction in generation. The Generators 2a and 2b undergo momentary cessation, and

the parameters used to replicate their behavior are given in Table 3.2. Several other PV

generators whose DFR measurements were available are also tuned. The total response

measured in these PV generators and their simulated values are shown in Fig. 3.14. Based

on these DFR measurements, it is clear that there was a reduction of almost 1500 MW

momentarily, and generators producing 500 MW of power remained disconnected.

Using these available measurements, the generators are tuned. As not all measurements

were available at all PV stations and several PV generators connected to the distribution

system might have entered momentary cessation and there is no method of measuring them,

PMU measurements available at certain buses the event is used to determine if the total

amount of PV systems that went into momentary cessation.

The comparison of the PMU measurements from a few specified buses and the simulated

frequency at the same buses are compared in Figs. 3.15, 3.16, 3.17, and 3.18. It is clear

that the frequency response of the simulated system is similar to the measured values. The

total generation loss for this case is shown in Fig. 3.19. A total of 900 MW of generators

remained disconnected even after 10s. However, there was a reduction of almost 4000 MW

momentarily.
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Table 3.2: Parameters used for tuning PV generators

Quantity Generator 1 Generator 2a Generator 2b
Power (MW) 105 125 25

Time delay (s) 0 0.5 0.5
Low voltage (pu)

threshold
0.9 0.9 0.9

Real power (pu/s)
ramp rate

2.0 0.4 10.0

Figure 3.12: Comparison of real power response of PV generator 1 with DFR measurements

Figure 3.13: Comparison of real power response in PV generator 2 with DFR measurements
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Figure 3.14: Comparison of real power response of all PV generators with DFR
measurements

Figure 3.15: Comparison of PMU measurements and TSAT simulation at bus 1

Figure 3.16: Comparison of PMU measurements and TSAT simulation at bus 2
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Figure 3.17: Comparison of PMU measurements and TSAT simulation at bus 3

Figure 3.18: Comparison of PMU measurements and TSAT simulation at bus 4

Figure 3.19: Total PV generation loss during momentary cessation with tuned parameters
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3.5 Estimation of PV Generation Lost During Momen-

tary Cessation

Several methods have been developed in the previous chapter to estimate the generation lost

using FNET data. Each of these methods has some advantages and some disadvantages. The

method currently used in the FNET system uses the difference in frequency value before the

event, the settling frequency after the event, and the frequency response value to calculate

the generation trip amount. This method is based on the assumption that the generator

tripped will remain disconnected for the entire time period of this transition. However, for

the specific scenario of determining the PV generators that undergo momentary cessation, a

lot of PV generators are back online within a couple of seconds. Thus, this momentary loss

of PV generators cannot be estimated accurately using the traditional method. This is clear

from Fig. 3.20 where a momentary cessation event and another generation drop event with

similar settling frequencies have been plotted together. The initial higher ROCOF clearly

indicates that the PV generators experiencing momentary cessation were much more than

the initial estimation of 790 MW.

Figure 3.20: Comparison of frequency response of momentary cessation event and a
conventional generator loss
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As there is direct correlation between ROCOF and the generation lost, around 217 events

are analyzed and ROCOF is calculated. For these events, the generation lost was confirmed

by the NERC. These generation loss events also included two confirmed momentary cessation

loss events on April 20 and May 11. Based on the the ROCOF of the other generation lost,

the generation lost during momentary cessation can be estimated by using the linear fit curve

function present in MATLAB toolbox. This linear fit is shown by the red curve in Fig. 3.21.

This is a simplistic method that is used to calculate the generation lost during momentary

cessation. From Fig. 3.21 it is clear that the generation lost as estimated by traditional

method was clearly inaccurate, so the ROCOF-based method has to be used to determine

the actual generation lost.

Finally, based on the methods from the previous chapter and inertia data from the

NERC, the PV generation that experienced momentary cessation has also been calculated.

The values calculated by all these methods are shown in Table 3.3. The estimated generation

lost during momentary cessation is shown to be closer to 3671 MW.

3.6 Conclusion

In this work, the momentary cessation phenomenon observed in PV generators is studied

in detail. The frequency response of a real-life event is replicated in the TSAT simulation

Figure 3.21: Comparison of ROCOF of all generation loss events
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Table 3.3: PV momentary cessation estimation

Method MW estimated Apr20
Frequency response method 790

Mean frequency method 3130
COI frequency method 3671

software. DFR and SCADA data of several generators are used to tune the PV generator

models in the simulation software. The simulation results showed that the total power output

of the PV generators that might have entered momentary cessation was closer to 4000 MW.

Algorithms developed in the previous chapter and the FNET data were used to estimate

the generation lost during momentary cessation. It was estimated that the generation lost

during momentary cessation was closer to 3600 MW, which came close to the values obtained

using the simulation tools.

In the past year, there have been several notifications given by the NERC that specify

the new standard that reduces the momentary cessation phenomenon. It has been seen that

this phenomenon is probably not a threat anymore. Detailed composite models that include

the distributed generation in the load are now currently being used to model the momentary

cessation in solar rooftop units. Thus, even though momentary cessation was seen as a

high-impact event during 2016 and 2017, steps have been taken to resolve this issue.
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Chapter 4

Minimum Frequency Response

Reserve Requirement for WECC

4.1 Introduction

A primary focus of power system operators around the world is ensuring continuous active

power balance. The power system is constantly in flux: the load is constantly changing and

thus the system generation must be changed accordingly to ensure the active power balance

and maintain the frequency close to the nominal levels (60Hz in North America).[36]

There is a need to have additional resources online that can not only provide support to

the system in case of contingencies but also help balance the load during normal day-to-day

operations and compensate for the inherent variability of the renewable energy sources [37].

The amount of the additional resources required is determined based on the ability of the

system to stabilize the frequency after an imbalance (like generation or load loss). In North

America, FERC has established a frequency response and frequency bias setting reliability

standard BAL-003-1-2 [38, 39] that specifies the amount of frequency response required in

each interconnection.

Each of the interconnections has interconnection frequency response obligation (IFRO).

This IFRO is determined based on the largest N-2 events identified in each interconnection,

also known as Resources Loss Protection Criteria (RLPC)[40]. For the WECC system the

criterion is N-2 Palo Verde generation trip, which amounts to a loss of 2700 MW. As specified
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in BAL-003-1-1, the IFRO in each interconnection should be sufficient that it should not

activate under-frequency load shedding (UFLS). For the WECC system, the UFLS limit

starts at 59.5 Hz. The performance of each of the interconnections is calculated based on

frequency response measure. Frequency response measure specified by the NERC is based on

the load of generation loss amount and the difference between average frequency calculated

prior to the event and the average settling frequency calculated after the event.

The primary frequency response of a system basically consists of the following responses:

1. Inertial response due to the kinetic energy stored in the rotating masses of the

generators.

2. The governor response due the action of governors, which respond to change in

frequency.

3. Load response, which is due to the reduction in load due to a reduction in frequency.

Basically inertial response of the system is determined by the number of generators

synchronized to the system that can provide inertial support. This is determined by the

type of generators and the number of generators online. In the future, with many generators

retiring, the loss of inertial response is of concern. One such study conducted by [41] showed

that there was a deteriorating trend in their frequency response during 2012–2016. They

identified the main cause of this trend as increased renewable penetration.

The load response is due to the nature and the amount of load connected to the system.

Currently, when there is an active power imbalance, the load responds to support the system

frequency. This is also due to the dependence of the load on the frequency value. However,

in the future with more inverter interfaced controls, the load response could decline.

Both of the above responses are inherent characteristics of the system and in most systems

cannot be actively controlled. The basic control for the operator to ensure frequency stability

is the governor response. The governors should respond to provide enough frequency response

that the frequency stabilizes before the secondary control like AGC responds. Thus, it is

important to study the minimum frequency response required when the other two conditions

vary. In this chapter, the effect of inertia, load response, and governor response on the WECC
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interconnection is studied. The minimum frequency responses for different inertial and load

conditions are presented.

In several studies conducted on the three interconnections [4, 5], future scenarios with

large amounts of renewable energy have been developed and analyzed to determine the

frequency response. The focus of these studies was studying the effect of reduction on the

inertia. The impact of load damping has not been studied because the focus of this work

was to determine the worst-case scenario, and assuming no load response usually provides

the most pessimistic response.

In this work, the effect of inertial response, governor response, and load response on

the frequency response is studied. Then the variation of minimum frequency response with

inertia is determined for the high summer case after the base case is validated using FNET

measurements.

4.2 Factors that Affect the Frequency Response

4.2.1 Governor Response

The governors are responsible for changing the mechanical power input of the generators

when there is a deviation in the frequency. Every interconnection must have sufficient

governor response to ensure that the UFLS limit is not reached for RLPC. Depending on the

type of generator and available headroom the governor response is varied among the models.

The active power generation headroom data from the model provides some insight regarding

the available headroom for increasing the power output of the system. The generators with

governors that respond to frequency change are modeled in the power flow with the base load

flag as zero. Other generators have governors but do not have their frequency response reserve

enabled. Thus, only the frequency-responsive generators provide the additional support to

stabilize frequency.

In this work, the effect of governor response on frequency stability is studied by changing

the amount of frequency response reserves.
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4.2.2 Load Response

The dynamic response of load has a significant impact on the overall response of the entire

system. It is essential to model them accurately. However, there are many challenges to

modeling load including lack of information regarding load composition, variability in load

composition, and lack of parameters [42]. Over the years several load models have been

developed based on measurements or components. Load models are classified into three

broad categories: static load, dynamic load, and composite load.

• Static load model: Static loads are dependent on the magnitude of voltage and

frequency of the bus. They are usually resistive loads or a simplification of other loads

like motor loads. They have been extensively used in the past as they are simpler to

model and the effect of change in voltage and frequency in the load can be represented.

Among the static loads, the most commonly used model is the ZIP model, which

represents basically the constant impedance, constant current, and constant power

portion of the model. These coefficients are determined based on the measurements.

• Dynamic load model: Dynamic load models depend on both voltage and time.

These models are usually comprised of detailed motor loads that are able to model

the dynamic behavior of the motor in detail. This is particularly important in

voltage stability studies where the voltage recovery may be affected by the motor

characteristics.

• Composite load model: The composite load model consists of a combination of

the static load and the motor loads. These provide the most accurate response to

disturbances in the system. Several versions of these models have been developed over

the years. One of the most intricate models currently being in used in the WECC

system is the WECC composite load model. Here the WECC composite model is

described in detail.

This composite load model was developed after the 1996 Western North America

blackouts. Insufficient load modeling was determined as the primary reason for not

identifying the reliability issue. The current model has 132 constants that need to be defined
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based on the composition of the load. This model is available from all the major dynamic

power system studies software. The basic components of this model are shown in Fig. 4.1

(reproduced from [43]). There are four different motors in the model to represent four kinds

of motors:

• Motor A: three-phase, constant-torque compressors used in air conditioning and

refrigeration

• Motor B: three-phase higher inertia fans whose torque is proportional to speed squared

• Motor C: three-phase lower inertia pumps whose torque is proportional to speed

squared

• Motor D: single-phase compressors, often used in residential air conditioning

With California’s decision to meet 50% of its energy requirements with renewable

resources by 2030, the rate of penetration of inverter-based generators is expected to

continuously increase for the next decade. This year, CAISO reported that utility-scale

solar generation reached 10,521 MW [44] and this data does include at least 5000 MW of

solar generation behind the meters in distribution systems. It is therefore obvious that the

Figure 4.1: Composite load model

44



dynamics of these inverter-based generators will significantly impact BES. The distributed

energy resources including rooftop PV are also being represented in the system after the

momentary cessation events in 2016. Static load models present in the system represent the

characteristics of the aggregate loads. Step-down transformers, feeders, and shunts are also

represented in this model.

4.2.3 Inertial response

Inertial response of the system is due to the kinetic energy stored in the rotating masses

of the synchronous machine. When there is a power imbalance, the inertial response of the

system is the first to respond and directly affects the rate of change of frequency and nadir.

This inertial response depends on the total number of conventional synchronous machines

online. In the future, with a large number of replacements of conventional generators with

inverter-based resources, the reduction in inertial response will affect the frequency response

of the system. There are two methods of creating the scenarios with reduced inertia. The

first method is straightforward. The inertia of the entire system is synthetically reduced

by changing the inertia constant of the machines. The other, more realistic scenario is the

replacement of generators with PV generators. This scenario will involve developing new

dynamic cases with PV models instead of the conventional generator models. Currently, in

this work, inertia of the generators has been reduced synthetically by a factor.

4.3 Development of Models with Different Inertias in

PSLF

This study is conducted using the 2019 high summer case of the WECC model. This case

represents the conditions with heavy flows from Northwest to California and also peak loads.

Some salient details of the model relevant to the studies are given in the Table 4.1.

In this simulation, the composite load models present in the base case have all been

retained. As the purpose of this study is not to study the worst-case scenario, the

contribution of the composite models to frequency response of the system is also taken
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Table 4.1: Significant details of 2019 model

No. of buses 22503
No. generators 4280

Total P gen (MW) 178780
No of load loads 14271

Total P load (MW) 172835
Total frequency responsive real power headroom present 14 931 MW

Total Inertia base case 1,137,000 MVA-s

into consideration. The inertia levels of the synchronous generators are changed to represent

the change in inertia. The headroom present in the generators is also varied to study the

frequency response of the system with curtailed headroom. According to the interconnection

criteria, the largest N-2 contingency is the loss of two generators at the Palo Verde plant,

resulting in a total loss of 2750 MW. The UFLS limit in WECC is considered to be 59.5 Hz.

• Inertia change: The effect of change of inertia is studied by reducing the inertia constant

at all the online generators.

• Governor response: The effect of change of governor response is done by disabling

the governors at all the generators that are online, have active power headroom, and

respond to change in frequency

• Load response: Apart from the composite load model already present in the base case,

another scenario with 80% constant P and 20% constant Y is created to demonstrate

the behavior of the system with non-responsive loads

• Finally, the minimum frequency response reserve is determined by first tuning the

base case using FNET measurements and then varying the inertia and calculating the

minimum FRR.
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4.4 Results

Initially, the effect of governor headroom is studied. The inertia and the load response are

not changed from the base case. Five cases with different levels of headroom are studied.

These are the five cases:

• Case 1: 100% headroom intact (Base case)

• Case 2: 75% headroom intact

• Case 3: 50% headroom intact

• Case 4: 25% headroom intact

• Case 5: 0% headroom intact (No governor response)

The frequency response with inertia level of 100 is shown in Fig. 4.2. It is seen that with

increasing headroom the settling frequency and nadir increase. However, ROCOF remained

the same. The change in settling frequency is primarily due to the change in governor

response of the generators as shown in Fig. 4.3. Simultaneously, as shown in Fig. 4.4, the

loads present in the system also respond to change in frequency to stabilize the system.

Figure 4.2: Change in frequency response of the system with generator headroom
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Figure 4.3: Change in generation with generator headroom

Figure 4.4: Change in load response with generator headroom
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In the base case, the generators are able to increase their power generation by almost 2000

MW and the load reduces by 700 MW, thus stabilizing the frequency at 59.9 Hz. However,

with decreasing governor response, the settling frequency keeps decreasing, thus leading to

increased load response.

In Case 5, with no governor response, the total active power in load reduces by almost

2100 MW, thus stabilizing the frequency at 59.6Hz. Considering the UFLS limit of the

WECC system is 59.5 Hz, theoretically speaking, the system does not require additional

frequency support under these conditions. However, the load response constantly changes

and cannot be relied on completely.

In the next set of simulation studies, the effect of inertia change on the frequency response

is studied. In these studies, the governor response is not changed from the base case and the

load models are also unchanged. The inertia is reduced to 80%, 60%, and 40% of the base

case.

The frequency response of these cases is shown in Fig. 4.5. It can be seen that even

with the loss of two large generators, the minimum frequency reached is around 59.83 Hz.

When the inertia of the system is reduced, the ROCOF increases and the frequency nadir

also reduces. However, the settling frequency remains the same. This is expected as the

settling frequency is primarily determined by the governor response. The response of the

generators is shown in Fig. 4.6. The initial change in generation is due to the inertial response.

With reduced inertia, the initial power quickly reduces and the governors eventually start

contributing. As shown in Fig. 4.7, the load also responds initially to the drop in voltage

and then eventually to the change in frequency. As the composite load models have been

used in this simulation, the reduction in frequency affects the final power of the load.

In the other extreme case, all governors are disconnected and the frequency response

of the system is studied to determine the minimum FRR. The frequency response of the

system is shown in Fig. 4.8. It is seen that in this case, the settling frequency reached 59.6

Hz, which is higher than the UFLS level considered (59.5 Hz). The change in generation is

shown in Fig. 4.9. The change in power in the load is shown in Fig. 4.10. The composite

load response compensated for the loss of generation and thus stabilized the frequency of
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Figure 4.5: Change in frequency response of the system with inertia with all governors

Figure 4.6: Total change in generation with inertia with all governors

Figure 4.7: Total change in load with inertia with all governors
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Figure 4.8: Change in frequency response of the system with inertia with no governors

Figure 4.9: Total change in generation with inertia with no governors present

Figure 4.10: Total change in load with inertia with no governors present
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the system. Considering this is the peak load case and the contribution of load response is

significant, the frequency response of this scenario might be the best case scenario.

Finally, the effect of load response is reduced by ignoring the composite load model and

replacing it with an 80% constant P and 20% constant Y model. For this case, the governor

response is unchanged from the base case. However, the inertia levels are changed. The

frequency response is shown in Fig. 4.11. It is clear that without the load response, the

nadir of the base case has reduced to 59.74 Hz.

When the inertia is further reduced to 40% of the base case, the nadir reduces to 59.7Hz.

The governor response is almost uniform and the change in generation is shown in Fig. 4.12.

The load response is shown in Fig. 4.13: there is an initial reduction in load as the load is

also composed to 20% constant Y, which is voltage dependent. However, the load response

quickly reduces to zero.

In order to find minimum response limits for different inertias, the model is first validated

based on FNET measurements. As seen in the previous simulation study, with composite

loads enabled, the load response is quite high. Therefore, it is seen that the frequency

response of the model is better than the measurements.

Figure 4.11: Change in frequency response of the system with inertia with 80% const P
and 20% const Y load
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Figure 4.12: Total change in generation with inertia with 80% const P and 20% const Y
load

Figure 4.13: Total change in load with inertia with 80% const P and 20% const Y load
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Some of the dynamic load models are disconnected and the model is tuned. The

comparison of the frequency response of the tuned model and the FNET measurements

is shown in 4.14. Using the tuned model, the inertia of the system is changed to various

levels and the governor response is varied until the UFLS limit is reached. Then a plot

of the variation of the minimum FRR with inertia is plotted in the curve shown in 4.15.

The governor headroom required increases with decreasing inertia. However, in this scenario

the minimum inertia level could only be reduced to 40% of the initial value. Even in this

scenario, the amount of governor response required was less than the value in the base case.

4.5 Conclusion and Future Work

A frequency response study is done on the WECC system. This frequency response study

considers both change in inertia and the load characteristics to assess performance of the

system. The simulations were done on the 2019 PSLF model. It is observed that the load

response to change in frequency is significant and the UFLS limit could not be reached

with the base case. However, when the composite load model is disconnected, the UFLS

limit is reached with reduced generator headroom. With reduction in inertia, the minimum

frequency response reserve required increases.

In the future, models in which the conventional generators are replaced with PV models

will be studied. The effect of seasonal and daily variation in inertia and load response will

also play an important role in determining the minimum frequency response reserve.
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Figure 4.14: Comparison of the model and measurement

Figure 4.15: Change in minimum frequency reserves with inertia
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Chapter 5

Improving Transient Stability of the

Western Interconnection using HVDC

5.1 Introduction

A system is said to be transiently stable if all the generators maintain synchronism after a

large disturbance in the system [45]. The instability can be explained as follows: During a

large disturbance, a synchronous machine is unable to transfer electrical energy to the grid.

The mechanical energy input remains constant due to slower controls. The kinetic energy in

the rotor builds up, and the machine accelerates and eventually will lose synchronism with

the rest of the system. This is generally depicted using the equal area criterion. In these

cases, the system can become unstable in a matter of seconds.

The ability of a HVDC system to improve stability was first shown in [46] using a simple

system. The improvement in stability was explained using the equal area criterion. It was

experimentally shown that amount of initial DC power has a significant impact on transient

stability. With the development of digital simulation, additional tests were conducted to

determine the factors that affect the improvement in stability using HVDC [47]. Factors like

duration of DC current, rate of increase of DC current, location of DC link, and in some

cases power flow reversibility seem to affect the ability of HVDC to influence the stability of

the system.
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In the 1970s, the power in the Pacific DC Intertie (PDCI) was increased in steps after a

detection of a fault. A feed-forward control scheme was used to ensure stability of the system

[48]. However, in subsequent years, the focus of HVDC auxiliary control was more on small

signal stability rather than first swing stability. A system can become first swing unstable

in a matter of seconds. Therefore a fast controller is crucial. Recently, a PD controller was

proposed to improve the first swing stability [49]. The controller was tested using a simple

9-bus system. The input to the controller was the speed of the generators. The controller

proved to be effective for this system, but the PD controllers are susceptible to noise.

The number of HVDC lines in China is increasing. Therefore, there has been a lot of focus

in utilizing the auxiliary control of HVDC to improve stability of the AC-DC corridor. In

an earlier work [50], a bang–bang auxiliary controller was proposed to improve the transient

stability of the system. Depending on the rate of change of voltage phase angles at the

terminal, the power in HVDC would be either increased or decreased to a pre-selected level.

In another work [51], there was a proposal to use the power flow in the parallel AC line as

an input to modulate the power in HVDC. The main aim of this paper was to suppress the

peak value during large oscillation in the parallel AC line. They have experimentally tested

this controller.

With improvement in wide area measurements, there have been several attempts to

develop a WAMS-based HVDC controller. WAMS-based HVDC auxiliary controls are also

effective in improving the small signal stability of the system. The effectiveness of these

controllers has been demonstrated for both the WECC system[52] and the Chinese system

[53]. In the context of transient stability improvement, a study was conducted on the simple

GB system to use wide area measurements to control the power output of the HVDC line

[54]. The researchers have tested both event-based trigger and response-based trigger. They

were able to show that a system that was previously unstable became stable with the help

of auxiliary control.I n [55], optimal control of an HVDC system have been proposed. All of

these controllers have their own advantages and disadvantages [56–58].

In most of these cases, the simulation tests were conducted on simple systems. There

is a need to study the effect of using the auxiliary controller on a detailed system not

only to prove its effectiveness but also to ensure it does not have any adverse effects on
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the power system. In this work, phase angle and frequency measurements–based transient

stability control is proposed and compared with the frequency measurement–based control.

Furthermore, integrated emergency power control that includes post-contingency corrective

power flow control is also proposed. The controller is tested on the detailed WECC system,

improving the transient stability limit on the AC-DC corridor present in the WECC system.

5.2 Emergency Power Control of HVDC System

The auxiliary controller of an HVDC system for emergency power control (EPC) under grid

disturbances is shown in Fig. 5.1 (reproduced from [59]). The integrated emergency EPC

controller includes the following functions:

1. Transient stability control function to provide timely synchronizing torque to the AC

network and prevent the risk of instability caused by critical swing

2. Corrective power flow control to mitigate post-contingency stress of AC network

3. Power oscillation damping control function to provide sufficient damping torque

to the AC network and prevent the risk of instability caused by poor damping.

Figure 5.1: Schematic of integrated EPC scheme
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Power oscillation damping strategies using HVDC for the WECC system have been

investigated in detail[52, 53]. The focus of this work is on the transient stability control

and the post-contingency corrective power flow control strategies.

5.2.1 Transient Stability Control

There are two types of triggering criteria that can be used for the control systems:

1. Event-based controls: If certain critical contingencies can be determined that cause

instability in the system, the auxiliary control can be triggered when these contingen-

cies happen. This control is similar to a Remedial Action Scheme. They are simpler

to implement. However, they are insensitive to the level of instability.

2. Response-based controls: These are controls which are based on the continuous

measurements of certain quantities like frequency, phase angle, and power flow in

the AC lines. The response-based controls provide additional information regarding

the level of instability and help take appropriate mitigation steps. In this work, a

response-based control scheme has been implemented.

The two measurements that are used for the transient stability control schemes are the

following:

1. The first control scheme is based on frequency input. In this control, the power

flow through the HVDC system is varied according to the frequency difference of

the converter terminals. The power can be increased or decreased based on detected

frequency difference:

∆Pdc = Kp ∗ ∆f (5.1)

2. The second control scheme is based on phase angle input. This control is also a

response-based control. In this control, the power flow through the HVDC system is

varied according to the phase angle difference of the converter terminals. The power

can also be increased or decreased based on the detected phase angle difference:

∆Pdc = Kp ∗ (∆θ − δθref ) (5.2)
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Unlike the frequency difference, which is zero in pre-disturbance and post-disturbance steady

states, the phase angle difference during pre-disturbance and post-disturbance steady states

may be quite different due to possible line trips. Hence, a reference angle difference needs

to be considered such that the control acts only when the phase angle difference changes

dramatically from the pre-disturbance reference value. A proportionality constant (Kp) is to

be chosen such that the HVDC system provides sufficient response. The control is triggered

only after the frequency difference or phase angle difference is higher than a preset value.

This preset value is to ensure that small disturbances do not trigger the auxiliary controller.

The control diagram is shown in Fig. 5.2

The complete proposed controller for transient stability is shown in Fig. 5.3. The first step

involves collecting local or wide area measurements. A large disturbance in the power system

is detected using these measurements, and the transient stability controller is activated.

Depending on the control algorithm, the controller provides an auxiliary signal to increase

or decrease the HVDC current or power orders. The HVDC system might not be able to

provide the additional support if it is not in normal operation condition; for example, if the

fault is close to the converter station. Therefore, the power change is activated only after

the DC system reaches the normal conditions. The controller continues to function until

it detects that the system has become stable or critical power swing has been effectively

mitigated. In most cases, the first swing is considered to be critical. Hence, the controller

would be switched off after the system is seen to be stable.

Figure 5.2: Proposed controller
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Figure 5.3: Illustration of the control algorithm

5.2.2 Corrective Power Flow Control

The corrective power flow control function is dispatched if there is sufficient

automatically redispatches the post-contingency power flow of the HVDC system by

emulating the power flow response of an AC transmission line. The power flow on an AC

transmission line can be expressed in terms of the power angle relationship as follows:

P =
U1U2

X
sin(θ1 − θ2) (5.3)

In terms of the HVDC system, the power P can be modulated by the converter station, while

U1 and U2, and can be measured at the converter terminal AC buses. Thus, the AC line

impedance emulated by the HVDC system by modulating the power P is

X =
PDC

U1U2sin(θ1 − θ2)
(5.4)

Following a network contingency, the HVDC system can modulate power flow according to

this target impedance as

PDC =
U1U2

Xac−emulated

sin(θ1 − θ2) (5.5)

5.3 Study System Discussion

The auxiliary control is tested on the PDCI in the Western Interconnection. The PDCI

currently transfers around 3220 MW from the northwestern region to California. When the

power transfer in the parallel AC transmission path called the California-Oregon Intertie

(COI) is also included, the total power flow in the AC-DC corridor is above 8000 MW
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(Fig. 5.4, reproduced from [60]). COI consists of three 500 kV lines: One line from Olinda

to Captain Jack and the double circuit lines from Round Mountain to Malin. As a result,

this is also one of the most congested paths. Improving the transient stability of this parallel

AC-DC system using auxiliary control could lead to additional power transfer from the

northwestern region to California.

The simulation study is performed using the PSLF (Positive Sequence Load Flow)

software. The detailed dynamic WECC model consisting of over 21,000 buses is used to

test the controller. The DC system is modeled in the system using the EPCDC model

available in the standard library. A user-defined model is developed to model the auxiliary

controller. The inputs to the controller are the measurements taken at the rectifier (Celilo

Station) and the inverter station (Sylmar). The overloading capability is initially assumed

to be 20% for a few seconds. The threshold for the frequency-based controller is triggered

at 0.1 Hz and the threshold for the angle-based controller is 40 degrees.

The controller is initiated after the converter is operating under normal conditions. In

this simulation, the voltage at the converter terminals must be above 0.9 pu to enable the

control action. The controller gain and the time constants are tuned to optimally control

the power flow in the DC system. The controller is switched off after the system becomes

stable to avoid unnecessary control actions.

Figure 5.4: PDCI with parallel AC lines
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5.4 Simulation Results

5.4.1 Case Descriptions

After large number of simulations, it is seen that the base case of the test system is very

stable with respect to first swing stability. In order to test the controller under stressed

conditions, with large power flow from north to south, a new case is developed. The power

flow from north to south is increased to around 4500 MW [61, 62].

After testing many cases, the first swing instability is seen when a three-phase-to-ground

fault is applied at the Malin substation and the fault is cleared after 300 ms. This condition

is made severe by opening two AC transmission lines of COI (Round Mountain–Malin) after

the fault is cleared. Thus the power flow in from the north to south will primarily flow

through PDCI and the AC transmission line connecting Olinda and Captain Jack.

The performance of the controller is shown through the simulation results in Figs. 5.5,

5.6, 5.7, and 5.8. It is clear from the phase angle plot 5.6 that the system becomes transiently

unstable when the controller is not present. Both frequency- and phase angle–based controls

make the system transiently stable.

The frequency-based control is triggered when there is a large frequency difference

between the two regions. Frequency difference between the regions is indicative of a difference

in active power imbalance. Considering that the WECC system is synchronously connected,

the system settles after the disturbance and the frequency of the entire interconnection is

very close. The frequency control gets deactivated.

However, the phase angle–based control is triggered when there is a large difference in

phase angles. Depending on the conditions of the system, the steady state settling value

of the phase angle measurements will be different. In this controller, an additional control

scheme to ramp down the power after mitigating the first swing instability is implemented.

It is also feasible to ramp down the DC power to a value higher than the pre-disturbance

scheduled power. This post-disturbance corrective power flow control will help reduce the

stress of parallel AC lines during post-disturbance operating conditions.
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Figure 5.5: Frequency difference with different controls

Figure 5.6: Phase angle difference with different controls
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Figure 5.7: DC current in PDCI with different controls

Figure 5.8: Power flow in Olinda–Cap-Jack line with different controls
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5.5 Effect of Overloading Capability

One of the advantages of the LCC (line-commutated converter-based) system is that it

inherently has overloading capability. Depending on the duration of operation, the LCC

system can be overloaded to different levels 5.9. For the purpose of improving first swing

stability, the overloading capability is needed only for a couple of seconds. However, it is

important to know the minimum amount of overloading capability needed to ensure the

system stability. Therefore, the following simulation studies are conducted to study the

effect of overloading capability. The simulation results are presented in Fig. 5.10, Fig. 5.11,

Fig. 5.12, and Fig. 5.13. It is seen that with both 5% and 10% overloading capability, the

system becomes unstable. Thus, 20% overloading capability seems to be the appropriate

amount to improve the transient stability of the system.

5.6 Corrective Power Flow Control

As shown in Fig. 5.9, the system can have different transient overloading capabilities based

on the duration. After the first swing instability is mitigated, the power flow of the HVDC

system could be changed to long-term overloading capability level to alleviate some of the

stress on the AC system during contingency.

Figure 5.9: Overloading capability of LCC HVDC system
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Figure 5.10: Frequency difference with different overloading capability

Figure 5.11: Phase angle difference with different overloading capability

67



Figure 5.12: Power in PDCI with different overloading capability

Figure 5.13: Power in Olinda-Cap-Jack line with different overloading capability
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The DC current flowing through the HVDC line is shown in Figs. 5.14 and 5.15 The

increased power flow in the HVDC system causes a reduction in the power flow of the

parallel AC system, thus reducing the stress on the AC line. The current in the PDCI is

ramped down to around 3250 A. Assuming the rating of the PDCI is at 3220 MW at 520kV,

this corrective control is set at 5% overloading capability.

5.7 Conclusions

With increasing load, transmission systems are being operated closer to their limits. Apart

from upgrading the transmission lines, which involves a lot of planning and investment,

there is a need to find innovative control schemes to also operate the existing system more

efficiently. Therefore, in this chapter, an auxiliary controller that utilizes the overloading

capability and the precise and fast power control of HVDC system to improve transient

stability is proposed. The effectiveness of this controller is demonstrated by simulation

studies conducted on the detailed WECC system model.

Considering the wide range of possible controls, in the future it would also be beneficial to

study a hierarchical control. This would be able to take necessary control actions according

to the prevailing conditions. Hence, instead of using HVDC to provide a single functional

control, it might be able to provide a wide range of controls that improves the stability in

all the areas. This hierarchical control would be able to receive wide area information and

analyze the situation and take the necessary control actions. It might be providing additional

damping or reactive power support or power reversal etc. Power system control would be a

lot more definite when HVDC is used. Hence, this would enable the increased power flow

across congested corridor, increasing the rate of inclusion of renewable energy sources and

also providing much-needed ancillary services. HVDC could eventually play a vital role in

power markets. The adverse effects of HVDC would also have to be studied in detail as they

depend on the system characteristics and conditions.
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Figure 5.14: DC current in PDCI (Corrective power flow control)

Figure 5.15: Power flow in Olinda–Cap-Jack line (Corrective power flow control)
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Chapter 6

Developing a North American

Large-Scale Simulation Model

6.1 Introduction

The four major interconnections in North America (excluding Alaska and Mexico) are

the Eastern Interconnection, Western Interconnection, Quebec Interconnection, and Texas

Interconnection. The Eastern Interconnection is connected to the Western Interconnection

with six DC ties, to the Texas Interconnection with two DC ties, and to the Quebec

Interconnection with four DC ties and a variable frequency transformer. The interconnection

diagram is shown in Fig. 6.1 (reproduced from [63]).

Figure 6.1: Interconnections in USA
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As they are connected to each other through DC system, these interconnections are

not synchronously connected. Therefore, the power system stability of each of these

interconnections is not dependent on the others and can be studied in isolation. Thus, over

the years, the reliability of each of these interconnections has been studied by themselves.

Apart from the electrical reliability and stability issues, there are other factors like lack of

natural gas, extreme weather patterns, or security threats like EMP or cyber attacks that

have to be analyzed that may affect multiple interconnections at the same time.

With major improvements in communication technology, computation technology, and

the push toward renewable energy, the advantages of connecting the grids are becoming

undeniable. The advantages of connecting the grid with HVDC lines has been studied

in [64]. It is seen that the operation of the entire grid can become more economical by

connecting the interconnections and sharing the ancillary services like frequency response.

As there are four different time zones in the United States, the load diversity in the system

will be higher and also utilization of renewable energy will be more efficient. One of the first

steps is to build a North American model that consists of the four interconnections.

There are detailed models of each of the interconnection; however, developing one model

with all the interconnections has its own challenges. Over the years, each interconnection

model has been developed in a software that suits the needs of that region. The utilities and

the interconnection have also preferred certain software and developed accurate large-scale

models of their territory or interconnection in those software. For example, PSLF software is

more commonly used in the Western Interconnection and PSS/E (Power System Simulator

for Engineering) software is more commonly used in the Eastern Interconnection. As a result,

user-defined models that are not present in the standard libraries have also been developed,

which are difficult to convert. Therefore, conversion of dynamic models from one software

to another is not a straightforward process. These software also had memory limitations so

that such a large model could not be developed.

In this work, PSS/E-33 software is chosen to conduct the simulation as the EI and

ERCOT models have already been developed in this software. The WECC model is primarily

developed in PSLF-19 software. Thus, to develop an intercontinental model, the first step is

to convert the WECC model from PSLF software to PSS/E software. In this chapter, the
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process of developing a WECC PSS/E model is described and the accuracy of the models

is compared. In the last section of this chapter, the detailed North American model is

described.

6.2 Power System Model Conversion from PSLF to

PSS/E

6.2.1 Literature Review

Transient stability simulation studies are conducted to study the behavior of a power system

when a disturbance occurs. These studies determine if the system will return to a steady

state operating point after the disturbance. One of the most common dynamic studies is

the time domain simulation. In these simulation studies, both algebraic and differential

equations are used to model the response of different elements.

Over the years, several pieces of commercial software have been developed that are used

to model large power systems. In North America, the most commonly used programs are

PSS/E, PSLF, PowerWorld, TSAT, etc. Basically, all these programs are able to solve power

flow equations and also perform transient stability simulations. They all have inbuilt libraries

of models that are populated with the power system components like generators, exciters,

HVDC, FACTS, etc.

However, over the years many discrepancies have been found among the software [65–

67]. Even though in theory they all solve the same set of equations, the differences in their

proprietary algorithms cause the final solutions to be different. The models that are present

in the different tools, though similar, have not been validated completely. Therefore, there

will be differences in the final solution.

6.2.2 Power Flow Conversion

There is a tool available with the PSLF software that converts the power flow data into

the PSS/E format. The epti.p program exports the load flow data in memory into the PTI

PSS/E compatible load flow data. The program is able to convert it into power flow for the
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following versions: 23, 24, 25, 26, 27, 28, 29, 30, 31, and 32. The power flow in PSS/E can

be read while ensuring the same version option is chosen during the import process. Then a

comparison of all the components present is done to check if there are any major components

missing. The details of the comparison are shown in Table 6.1.

• Buses:In PSLF there are 586 three-winding transformers that all have a dummy bus

included in them. This dummy bus is not present in PSS/E. In PSS/E there are 354

additional dummy buses added in multi-sectional lines not included in PSLF. That

still leaves PSS/E 232 buses short. In the conversion there are 232 buses. Hence all of

the buses have been converted.

• Shunts: Switched Shunts in PSS/E are limited to one per bus with no ID. The WECC

Siemens converter changes multiple switched shunts from the epc format to single

switched shunts with no ID connected to dummy buses with low impedance branch to

original bus.

The load flow solution is found in the PSS/E software. The WECC converted model

reached the solution when the number of iterations was increased to 30. The fixed Newton

Raphson method is used. The comparison of the load flow solution is shown in Table 6.2

The generation power is also compared and shown in Table 6.3 It is seen that in the case

of the real power generation, the maximum difference is observed on the swing bus generator.

Table 6.1: Basic comparison of the power flow models.

PSLF pss/e
No. of buses 20910 20678

No. of branches 16769 16788
No. of Transformers 8401 8402

No. generators 4063 4063
Total P gen (MW) 178703 178742

Total Q gen (MVaR) 21422 21873
No of load loads 10717 10717

Total P load (MW) 172577 172577
Total Q load (MVaR) 31363 31363
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Table 6.2: Load flow solution comparison

Comparison Voltage Phase Angles
Average difference 0.0028 0.95

Maximum difference 0.0062 1.08
Standard deviation 0.00953 0.5470524

Table 6.3: Power generation comparison

Quantity Maximum difference Average difference Standard deviation
P generation 38.1121 9.35E-07 1.69E-05
Q generation 20 0.601496 3.056204

The maximum difference is around 38 MW. The maximum difference in Q generation

is seen where there are slight mismatches in the voltage of the buses connected to the

generation.

6.2.3 Dynamic Model Comparison

The following issues related to the conversion of the models are as follows:

6.2.4 Generator Models

Detailed and accurate modeling of generators is one of the most crucial parts of transient

simulation. The generator model in its most basic form is a Norton current source in parallel

with a complex impedance.

The model that has been considered in this work is the PSLF 2016 high summer model.

One of the differences between the two simulators is in the data input for machine base.

In both PSLF and PSS/E, the machine base can be specified in the power flow file. In

PSLF, in addition to the power flow file, the machine base for the dynamic model can also

be specified in its dynamic document. In PSLF, the dynamic file machine base is the final

value that is considered. Therefore, the change in machine base after the dynamic file is

loaded is recorded and changed.
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In PSLF, the generators that do not have dynamic model specified are automatically

converted to negative loads in the dynamic file. However, this automatic conversion is not

possible in PSS/E. In PSS/E-33, the simulation cannot be initiated if all of the generators

do not have a dynamic model associated with it. Therefore, in order to ensure consistency,

the generator whose dynamic models are not specified are also converted to negative load

models.

The machine impedance parameters had to be changed in between these models in order

to ensure that the value is similar across the software.

In this version 33 of the PSS/E used, another feature is that renewable models have to

be explicitly specified in the power flow file. Therefore, the data entry for the generators

that are modeled as the renewable energy models is changed to ensure that the wind models

could be added.

6.2.5 Governor Models

Frequency response study is the primary focus of the studies to be conducted using this

model. Therefore, the governor response between the models has to be accurate. In this

conversion process, additional attention is paid to ensure that the governor models are

converted as precisely as possible. A list of the approved models by WECC [68] and the

similarity between them is shown in Table 6.4

In most cases, each of the models will have to be modified to ensure similar responses

from both the cases. These are the issues found during the conversion of the governor models

that prevent the complete conversion between the two software.

1. There is a base load flag in the PSLF power flow model that indicates if the governor

is frequency responsive. When this load flag is equal to 1, the governor is not allowed

to increase the power in the generator. Thus, initially based on the base load flag, the

corresponding governors are disconnected to ensure similar frequency response.

2. As shown in Table 6.4, there are some models like HYG3 and HYGOV4 that do not have

an equivalent model in PSS/E. The model that is used in the converted PSS/E models

have some similarities, but the final responses of the governors are quite different.
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Table 6.4: WECC approved governor dynamic model

PSLF model PSS/E model Equivalent model similarity
TGOV1 TGOV1 Exact
GAST USGS3T Exact

GGOV1 GGOV1 Almost
HYGOV HYGOV Exact

HYGOVR HYGOVR Exact
HYGOV4 IEEEG3 None
PIDGOV PIDGOV Exact
G2WSCC WSHYDD Almost
GPWSCC WSHYGP Almost

HYG3 WSHYGP None
IEEEG1 WSIEG1 Almost
IEEEG3 IEEEG3 Exact

3. In the PSLF governor models, there is a provision to specify a different machine base

for the governor module other than the machine base specified the generator. This

is not possible in PSS/E. In some models like WHSYGPP and WSHYDD, a TRATE

constant can be specified that changes the output of the governors by a factor to ensure

the same output. However, this multiplication factor is not available in all models. In

some models, the PMAX or a linear piecewise function is modified to account for the

different base. However, this method is found to have some differences.

4. In generator models like GPWSCC and WSHYGP, IEEEG1 and WSIEG1, and HYG3

there is a linear piecewise function (LPF) block that controls the relationship between

the gate position and the power. In the PSLF model, in some models, the function

can be described with 6 points apart from the the assumed 0,0 and 1,1 as shown in

Fig. 6.2. In case of PSS/E, only four points can be given, which should also include

0,0 and 1,1. Therefore, in one of the examples shown here when the power output is in

the region where the functions are the same, the output is the same. In the portions

with difference, the output can be different. This is illustrated in the Figs. 6.2, 6.3,

and 6.4.
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There are two generators in the simulation model that have the same governor dynamic

models including the piecewise relationship function as shown in Fig. 6.2. However,

the difference is in their total power output as shown in Figs. 6.3 and 6.4. The power

output in the first case is around 19 MW, which is around 0.633 pu, and in the second

case the power output is around 12 MW, which is around 0.4 pu. There is a difference

in the LPF below 0.6 pu. Thus, the response is the same for case 1 shown in Fig. 6.3.

However, there are small changes in the value for case 2 as shown in Fig. 6.4.

5. In PSLF, there are governor models like HYGOV that have additional blocks like

linear piecewise relationship block and a phase shifter block, which are absent in the

corresponding HYGOVP PSS/E block. They have the exact same response when these

blocks are deactivated by making the time constants zero. However, in the cases when

they are activated, there are differences in the final response

6. In some of the models there are deadband blocks. The value of the deadband blocks

when converted are different. These differences also cause the response of the modules

to be different.

In most cases, the response of the governors models is very similar. Therefore, the final

outputs of the simulations are so close. However, there will certainly be scenarios when there

are differences between the modules. It is important to be aware of these differences while

conducting a study.

6.2.6 Other Plant-Related Models

The exciters and stabilizers are also tuned to ensure that performance of the two-simulation

software is similar. The aim of this work was not to test each and every model present in the

system. It is to develop a WECC model that could be used for frequency response studies.

Therefore, an exhaustive model validation has not been done.
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Figure 6.2: Piecewise linear relationship between gate and power output

Figure 6.3: Generator power output when the output is in the similar region

Figure 6.4: Generator power output when the output is in the different region
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6.2.7 FACTS and DC Models

The data entry record for each of the FACTS and DC models had to be added manually

in the dynamic file of the PSSE software.There are four DC systems present in the WECC

model. These four DC models are shown in Table 6.5.

dcmt is a multi terminal DC model that has been developed for the IPP DC Line in

the PSLF software. The control of the DC line is implemented as an EPCL program (user-

defined program). As building of a user-defined model is a very cumbersome, the generic

CDC6T model and its inherent control functions available in the PSS/E software have been

used. The difference between the models is obvious when one of the generators close to the

DC model is tripped. The frequency response and the response of the entire model is quite

different.

6.2.8 Load Models

In the WECC case, around 6000 composite load models have been used to represent the load

buses in the WECC system in detail. This is one of the most complex dynamic models that

has been developed. The load models can be converted to their PSS/E equivalent using the

software. However, when the models were loaded on the system they were found to make

the simulation unstable. Therefore, in this case static load models are used instead.

Table 6.5: DC models present in the WECC system

DC model name Number of DC lines Dynamic model
Pacific DC Intertie 2 epcdc

IPP DC Line 2 dcmt
Eastern Alberta Transmission Line 1 epcdc
Western Alberta Transmission Line 1 epcdc
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6.2.9 Relay Models

Several relay models are used in the WECC system. Considering the restrictions on the total

number of constants and variables, relay models are not included as part of the dynamic

model developed.

6.3 Simulation Results of the Conversion of WECC

Model

The main purpose of developing this model is to study the frequency response of the WECC

system. Therefore, several generation drop cases have been studied to ensure that the

differences are acceptable. The frequency responses for generation drop cases are shown

in the following figures. Considering that the focus of this work is to study the frequency

response of the system, several generator drop events from different areas are simulated to

assess the accuracy of the model. The results from each of the generator drops is shown

here.

For the Gen 1 drop shown in Fig. 6.5, the frequency responses of the two models are very

similar to each other. The nadir and frequency oscillations are almost equivalent. There is

a small difference in the frequency at 20s.

In the Gen 2 drop case shown in Fig. 6.6 and Gen3 shown in Fig. 6.7, the frequency

responses are very similar as well.

However, for some Gen 4 drop as shown in Fig. 6.8, the frequency response is noticeably

different. This difference is basically due to the inherent differences in the modeling of the

DC line. This generator drop was very close to one of the DC lines, so there is significant

difference in the DC line output. As one of the DC line outputs is modeled using a user-

defined model and the other is a generic model, this difference is expected.
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Figure 6.5: Comparison of the frequency response for Gen 1

Figure 6.6: Comparison of the frequency response for Gen 2
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Figure 6.7: Comparison of the frequency response for Gen 3

Figure 6.8: Comparison of the frequency response for Gen 4
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6.4 Developing the Large-Scale Model

After the WECC PSS/E model was built, the building of the large-scale model was quite

straightforward. The miscellaneous issues faced during the process of building this model

are as follows:

• Renumbering the buses to ensure that no two buses are same. PSS/E has the ability to

renumber the buses. Therefore, the buses, areas, zone numbers, and load adjustment

data had to be modified to ensure that the values are not the same.

• Due to the limitations of the total number of variables, the relay models present in the

system were disconnected.

• The back-to-back DC connections between the interconnection were previously rep-

resented as negative loads and generators. These have been replaced by generic DC

models.

The details regarding the total model are shown in Table 6.6

6.5 Conclusions

The procedure of converting the detailed WECC PSLF model to a PSS/E model has been

described in detail. The frequency response of both models for several generator drops has

been shown. This model is still in development and will need additional tuning. A large-scale

model with all three interconnections has been developed. This model could be used to study

future scenarios and newer control schemes. The process of conversion of the WECC model

Table 6.6: Details of the complete model

Detailed models Buses Load buses Gen buses Branches Pgen (GW)
EI model 70,117 38,462 6,746 83,860 560.12

WECC model 21,265 10,717 3247 26,363, 178.74
ERCOT model 6,236 3636 626 7771 76.18

Complete model 97,618 52,815 10,619 117,994 815
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from PSLF is discussed in the initial portion of this chapter. The accuracy of the converted

static model is demonstrated. The process involved in the conversion of the dynamic model

involved understanding the different component models present in the system.

85



Chapter 7

Sharing Frequency Response between

Interconnections

7.1 Introduction

One of the threats identified to the resiliency of the system is the changing generation

composition. The conventional synchronous generators are being replaced by inverter-

connected resources. The impact of this change will significantly affect the inertia of the

power systems and consequently the frequency stability of the entire system [36]. Therefore,

the effect of increased renewables on the frequency stability of the system has received a lot

of attention.

In the previous Chapter 4, the effect of reduction in inertia and load response on the

frequency of the WECC system has been studied. It is obvious that with reduction in

inertia, the minimum frequency reserves required will increase. Increased frequency reserve

is basically the generation that cannot be utilized unless there is a contingency. The

opportunity costs associated with frequency reserves will only keep increasing.

Currently in the North American system, the frequency response obligation in each of

the interconnections is dependent on the resource loss protection criteria (RLPC). This

is usually the largest N-2 contingency in the system. Based on the RLPC for each of

the interconnection and other factors like credit for load resources, maximum allowable

delta frequency the frequency response for each interconnection is decided. Currently
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the IFRO for each of the system is as follows [69]: Eastern Interconnection, -1,015;

Western Interconnection, -858; Texas Interconnection, -381; and Quebec Interconnection,

-179 MW/0.1 Hz. These obligations are fulfilled by ensuring sufficient frequency response

generator headroom, appropriate governor droop and deadband values, and load shedding

schemes.

However, in some areas like California that have a very high level of renewable energy

penetration, they are not able to meet the FRO and need to purchase it from a neighboring

balancing authority. With increased renewable energy penetration, there is a good chance

this situation may be faced by entire interconnections. One of the economical and efficient

possibilities is sharing frequency response between interconnections. Due to the difference

in time of load peak time, and the reduced probability that all interconnections will face

contingency at the same time, it is prudent to find techniques of sharing frequency response

between interconnections.

Frequency response can be shared by HVDC links in cases where they are connected to

asynchronous systems, large generators, AC-DC corridors, or even offshore wind resources.

The extent of frequency response will depend on the nature of the interconnected systems,

the additional power flow capability of the HVDC system, and the overall stability of the

system [70, 71]. There are already instances like SACOI HVDC in Italy, which connects

the mainland of Italy with Corsica, the additional power capability of the HVDC is utilized

to ensure frequency stability of the island. In another case, in Africa, the Caprivi link

(VSC HVDC) interconnects Namibian and Zambian AC systems and is used to provide

additional frequency support as well. [70]. There already have been several HVDC projects

that investigated frequency control functions in maintaining power grid frequency stability

[71–74].

Similar studies have been conducted in North America as well. In [64], it is shown

that an HVDC overlay connecting the major interconnections will be economical if the

ancillary services can be shared between interconnections. Frequency control capability of

VSC-HVDC links for sharing the frequency response reserves between the interconnections

was investigated in [75]. In this work, only the primary frequency response sharing was

studied. However, the frequency response of an interconnection has multiple stages. Primary
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frequency response is automatic and is responsible for stabilizing the frequency of the system

after a power imbalance event. This response usually consists of the inertia response,

governor response, and load response [76]. In recent years, using HVDC in primary frequency

control has received much attention, and various primary frequency controllers have been

proposed to increase the capability of the inertial response of HVDC links [77–80]. In some

power companies, HVDC systems have actively participated in the power system primary

frequency control [81–83].

Once the frequency is stabilized, there are certain governors that start withdrawing, and

the primary response might not be sustained [36, 84]. If the load response or governor

response is not sufficient, the frequency might have settled at a lower level, which will not

change until the secondary control is activated. There is a need to ensure that after the

primary control there is a correctional control that ensures the settled frequency reaches

secure limits. Finally, secondary controls could be activated to restore the frequency to

its nominal values. In the literature, control schemes of HVDC systems participating in

AGC schemes have been discussed [85–88]. However, frequency control strategies of HVDC

systems contributing to both system frequency stabilization and restoration have not received

attention.

In this chapter, a multistage frequency sharing control algorithm is introduced and tested.

The effectiveness of this algorithm is tested initially on the 900-bus system and later on the

large-scale detailed North American model.

7.2 Frequency Control Strategies

In this section, the frequency control strategies of the HVDC link are presented. Fig. 7.1

shows the typical frequency response of the power system following a generator trip and the

proposed HVDC frequency control functions. The three stages of frequency control in this

work are as follows:

1. Primary frequency control

2. Corrective frequency control
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Figure 7.1: Typical frequency response following a generator trip

3. Secondary frequency control

The detailed description of the each of the controls is as follows:

7.2.1 HVDC Primary Control

HVDC primary control logic is shown in Fig. 7.2. In Fig. 7.2, fref is system nominal

frequency, f is system operating frequency, fdb is frequency deviation deadband, G1 is the

time constant of frequency response, and Pmax, Pmin is power transfer limit of the HVDC

primary control. HVDC primary control responds to frequency deviations on either side

of the HVDC link. The values of controller gains, time constants, deadbands, and power

transfer limits can be specified independently for the two interconnected systems. Thus, the

HVDC link could provide the desired frequency response to the AC system on one side while

taking into account the emergency power support capability of the other side. This means

fast frequency response is provided to the target system when a disturbance occurs, in the

meantime avoiding unacceptable frequency variations in the supporting system.
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Figure 7.2: Primary frequency control function

7.2.2 Corrective Frequency Control

Fig. 7.3 shows the control logic of the corrective frequency control where f and Threshold are

the system operating frequency and the frequency variation targets of frequency derivative,

respectively.

As shown in the upper portion of Fig. 7.3, the HVDC frequency control has a function

to monitor frequency variations of the AC systems.

When the frequency variations are settled below a predefined value, the frequency control

generates a signal to hold the power transfer determined by the primary control function

and activates the corrective frequency control function. The corrective frequency control

checks the settling frequency to see if the settling frequency is within the secure operation

frequency bounds.

If the settling frequency on either side of the HVDC link is not within the secure frequency

bounds, the controller adds additional corrective power Psafe to the HVDC link control

system. The corrective power Psafe is expressed as follows:

∆Psafe = K12 ∗ (∆f1 − Fsafe1) +K34 ∗ (∆f2 − Fsafe2) (7.1)
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Figure 7.3: Corrective frequency control function

7.2.3 HVDC Secondary Control

The restoration of system operation frequency to its nominal frequency with the AGC process

might take several minutes. During this timeframe, the system operates under off-nominal

frequency conditions. In addition to the primary and corrective frequency control functions,

the HVDC links between the interconnections could also participate in the AGC or the

secondary frequency control for fast restoration of system nominal operating frequency.

7.2.4 Complete Frequency Response Controller

The flow chart of the complete frequency response controller is shown in Fig. 7.4. The

frequency controller monitors the system frequencies measured at the converter stations.

When a disturbance occurs in one system, abnormal frequency is detected. The primary

control is activated to provide fast frequency response support if the frequency deviation is

higher than the preset bandwidth. After the frequency of the disturbed system is stabilized,
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Figure 7.4: The flowchart of the frequency response control

the settling frequency is examined. If the settling frequency is not within the bounds of a

secure system operating frequency, the corrective frequency control is activated to provide

additional support to establish a secure system operating frequency. If the HVDC link

participates in the secondary frequency control, it adjusts the power flow according to the

pre-defined adjustment coefficients.

7.3 Study System and Model Description

This study is initially conducted on a smaller power system of the North American system.

The details of the model are discussed first. A more detailed model with a 90,000-bus system

developed in Chapter 6 has been modified to facilitate the sharing of frequency response

between the interconnections using HVDC.
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7.3.1 900-Bus Power System Model

Power System Model

Initially, the study system used is a reduced model of the North American system [89].

The reduced EI system has 459 buses, and the reduced WECC and the ERCOT systems

have 191 buses and 280 buses respectively. In the reduced system model, the frequency

responses of the systems are preserved, and the power flows in major transmission corridors

are maintained [89]. In this study, three VSC-HVDC links are included for connecting the

three asynchronous systems. The capacity of the VSC-HVDC link is rated at 1200 MW

each, and the operating DC voltage of the HVDC link is 320 kV.

VSC-HVDC Model Description

The HVDC Light model as shown in Fig. 7.5 (reproduced from [90]) is used for modeling

the HVDC systems in the PSS/E software [90]. The HVDC Light model is a user-defined

model for power system planning study. The necessary control functions are configured and

have been validated against detailed VSC-HVDC system models. In the HVDC Light model,

each HVDC station is represented by four components: the AC transformer, the filters, the

phase reactor, and the converter.

As shown in Fig. 7.5 (reproduced from [90]), the control functions of the HVDC Light

converter include AC and DC voltage control, active and reactive power control, and inner

current control. The control system recognizes current output limitation and internal

converter voltage limitations. Fig. 7.5 also shows the reference inputs and the corrective

inputs. For a two-terminal VSC-HVDC link, one of the converters controls DC voltage

(Udcref ) and the other active power (Pref ). Each of the converters can be independently

set as an AC voltage control mode (Uacref ) or reactive power control mode (Qref ). In

normal operations, the power order and voltage setting points of the HVDC converters

are determined by the system operator. The auxiliary inputs come from application-

level controllers and can be used for active and reactive power modulation to achieve

desired frequency response control, power oscillation damping control, and voltage stability

enhancement.

93



Figure 7.5: The principal control scheme of HVDC Light

Frequency Response Control Model Description

The frequency control strategies described are implemented as a user-defined model that

provides auxiliary active power control signals to the HVDC Light controller. Fig. 7.4 shows

the flowchart of the frequency response control.

Table 7.1shows the main parameters of the frequency controller, including control gains,

deadbands, and power limits in both directions for the three HVDC links. The time constant

of the primary frequency response is 2ms.

Table 7.1: Parameters of the frequency response control

HVDC link Terminal Control gain Deadband (Hz) Power limit (MW)
WECC to ERCOT WECC 2500 0.05 600
WECC to ERCOT ERCOT 2500 0.1 500

WECC to EI WECC 12000 0.05 500
WECC to EI EI 12000 0.05 700
EI to ERCOT EI 4000 0.05 500
EI to ERCOT ERCOT 4000 0.1 750
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7.3.2 Detailed Model Description

The detailed dynamic model of each interconnection is updated every year to ensure that

it represents the real system accurately. The Eastern Interconnection model is developed

and maintained by the multi-regional modeling working group (MMWG) of the Eastern

Interconnection Reliability Assessment Group (ERAG).

The WECC System Review Work Group (SRWG) consolidates and updates the WECC

planning models. This model is reviewed and approved by all of its utility members. It is

the second largest interconnection. Apart from the 3000 detailed generator plant models

and the detailed HVDC models, around 6000 load models present in the WECC system are

represented by using the detailed composite load model. ERCOT is responsible for over 85%

of Texas. They develop and update the Texas model, which consists of over 6000 buses.

These interconnections are connected to each other through back-to-back DC connections.

In order to test the frequency response sharing between the interconnections, VSC-HVDC

models have been added between the interconnections as shown in Fig. 7.6. The power

transfer in any interconnection is represented by either a generator or a negative load.

Figure 7.6: Detailed North American model with VSC HVDC
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There are multiple difficulties in developing a large-scale model. The first difficulty was

that the sheer size of this intercontinental model would be over 90,000 buses. Though the

software could model larger bus sizes in a static model, with the full dynamic model included,

the size of the constants and variables and other parameters would exceed the limits.

Several user-defined models have been developed specifically for each interconnection in a

particular software and have to be represented by generic models, as developing user-defined

models is difficult. For this work, the detailed North American model has been developed

to demonstrate the frequency sharing across interconnections accurately.

The initial part of the work involved converting the WECC PSLF model into a PSS/E

model. Owing to the limitation on the size of arrays, the WECC load models are changed

to be static models. They have been validated for frequency response considering many

scenarios. The results of one of the tests of the frequency response of the system is shown in

Fig. The other two models were already available in PSS/E software and the same models

have been used. The details of the continental model are shown as follows:

The VSC model used is the generic VSC-HVDC model that is present in the PSS/E

software. A user-defined auxiliary control model has been developed using the USRVSW

model present in the PSS/E model that controls the additional power that needs to be

transferred between the system. The parameters for this frequency response controller are

shown in Table 7.2. The parameters are tuned for this model.

Table 7.2: Parameters of the frequency response control (Detailed system)

HVDC link Terminal Control gain Deadband (Hz) Power limit (MW)
WECC to ERCOT WECC 4000 0.05 600
WECC to ERCOT ERCOT 3000 0.075 600

WECC to EI WECC 12000 0.05 500
WECC to EI EI 12000 0.05 700
EI to ERCOT EI 5000 0.05 400
EI to ERCOT ERCOT 5000 0.1 1200

96



7.4 Simulation Results and Discussion

Initially, frequency sharing among interconnections is demonstrated using the simplified

model of the North American system. Scenarios with generator outages in both the ERCOT

and WECC systems are developed. Apart from the primary and critical frequency control,

the possibility of secondary frequency control (AGC control) is demonstrated using the 900-

bus system. Next, the performance of the frequency controller is investigated for critical

generator outages using the detailed model.

7.4.1 Simulation Results using the 900-Bus Model

One Generator Trip in the ERCOT System

In this case, a large generator (1928 MW) is tripped in ERCOT. Fig. 7.7 shows the frequency

responses of the three interconnections. In the base case, the frequency nadir in ERCOT

is 59.6 Hz. With the primary frequency response support from EI and WECC, the nadir

is improved by almost 0.15 Hz. The frequency deviations in EI and WECC remain above

59.5 Hz. After the frequency in ERCOT is settled, it is observed that the settling frequency

in ERCOT is not within the secure frequency bounds (determined as 9.9 Hz). Thus, the

corrective frequency control function is activated, and the system operates at improved

settling frequency.

Fig. 7.8 shows the active power flows through the HVDC links. It can be seen that the

directions of the power flows are reversed almost instantly with the fast primary frequency

control in the two HVDC links connecting ERCOT to EI and ERCOT to WECC. During

primary frequency control, the power flow from EI to ERCOT is increased by 800 MW and

the power flow from WECC to ERCOT is increased by 380 MW. The increased HVDC power

flows will not ramp down after the initial settling frequency established. Since the initial

settling frequency is not within the secure system frequency bound, 59.9 Hz for this study,

the corrective frequency control is activated, and the power flows of the HVDC links are

further increased, moving more power from EI and WECC into the ERCOT system until

secure settling frequency is established in the ERCOT system.
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Figure 7.7: Frequency responses of WECC, ERCOT, and EI (ERCOT one gen trip using
simple model)

Figure 7.8: Power flows in HVDC links (ERCOT one gen trip using simple model)
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One Generator Trip in the WECC System

In this case, a large power plant (2640 MW) is tripped in the WECC system. The frequency

responses of the three interconnects are shown in Fig. 7.9. With the primary frequency

control, the frequency nadir of WECC is improved by 0.03 Hz. The frequency in the ERCOT

system is more affected than the EI system due to its relatively small size. However, the

frequency controller is tuned to ensure that the contribution from ERCOT would much lesser

than from the EI system.

The power flows in the HVDC links are shown in Fig. 7.10. The power flow from ERCOT

to WECC is increased from 200MW to 400MW, and the power flow from WECC to EI is

reversed from 200MW (WECC to EI) to 500MW (EI to WECC). In this case, the corrective

frequency control is not needed. To demonstrate the effectiveness of the control, a higher

secure frequency is set for the WECC system. Thus, the power flow from EI to WECC

is further increased to 750 MW by the corrective frequency control. There is no further

contribution from ERCOT as the power transfer limit is set at 500MW (ERCOT to WECC)

for the frequency response support.

Two generators trip in the ERCOT system

In this case, two generators (3055 MW in total) are tripped in the ERCOT system. As

shown in Fig. 7.11, the settling frequency is quite low without frequency response support

of the HVDC links. With the frequency response support of the HVDC links, the frequency

nadir of ERCOT is improved by 0.3 Hz, and the settling frequency (59.7 Hz) is reached. Fig.

7.12 shows the power flows of the HVDC links. The power flow directions of the WECC-

EI and ERCOT-WECC HVDC links are both reversed. Due to the pre-set transfer limits

for frequency support, the power flows of WECC-ERCOT and EI-ERCOT are capped at

500MW and 750MW respectively. It should be pointed out that the power transfer limits

for the provision of frequency support could be increased up to the rated HVDC link capacity.
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Figure 7.9: Frequency response of WECC, ERCOT, and EI (WECC one gen trip using
simple model)

Figure 7.10: Power flow in HVDC links (WECC one gen trip using simple model)
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Figure 7.11: Frequency responses of WECC, ERCOT, and EI (ERCOT two gen trip using
simple model)

Figure 7.12: Power flows in HVDC links (ERCOT two gen trip using simple model)
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Secondary frequency response of HVDC Links

In the case, the HVDC links participate the power system secondary frequency control. Apart

from the primary frequency control, the power flows of the HVDC links can re-dispatched

together with the frequency regulating generators by the AGC system of the grid control

center based on the pre-determined adjustment coefficients. A large generator (1928 MW)

is tripped in ERCOT. Fig. 7.13 shows the three different stages of frequency responses of

the ERCOT with the frequency support of HVDC links. Fig. 7.14 shows the power flows in

the HVDC links.

As expected, the frequency response of ERCOT and the power flow changes of HVDC

links during the power system primary frequency response timeframe are the same as the

simulation results shown in Figs. 7.7 and 7.8. After the AGC control is activated, the HVDC

link will be re-dispatched for further increased power support to the disturbed system.

Figure 7.13: Multi-step frequency response (simple model)
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Figure 7.14: The multi-step power increase in HVDC power (simple model)

In this study, the frequency response support to ERCOT from EI and WECC are limited

to 750 MW and 600 MW. After that, the frequency regulating generators in ERCOT will

eventually restore the operating frequency to the nominal system frequency. It is definitely

feasible to increase the frequency response support up to the rated HVDC link power

capacity.

7.4.2 Simulation Results with Detailed Model

The following scenarios have been developed to demonstrate the performance of the frequency

response controller using the detailed model. Even though the simplified 900-bus model

preserves power flow and generation profile, there might be some other issues that might

arise when the detailed model is used. Therefore the following simulations are conducted to

test the controller. Initially the effectiveness of frequency primary control is demonstrated

with the following scenarios.
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One Generation Trip in the ERCOT System

A generator supplying 724 MW of generation is disconnected in ERCOT. The three

frequency response–sharing cases are compared. This scenario demonstrates the difference

in frequency response of the ERCOT system when frequency response is provided by both

interconnections. As can be seen from Fig. 7.15, without any additional frequency support,

the nadir is around 59.84 Hz. When both WECC and EI provide frequency support to the

system, the frequency response of ERCOT improves slightly and the nadir is around 59.94

Hz. However, in this scenario, the frequency of EI and WECC interconnections settles above

59.98 Hz.

The power flow between the EI and ERCOT interconnection is shown in Fig. 7.16. When

both EI and WECC respond to the generator drop in ERCOT, the maximum power flowing

from EI is around 500 MW and the maximum power from WECC is around 400 MW of

power flow.

Figure 7.15: Frequency responses of WECC, ERCOT, and EI (ERCOT one gen trip using
detailed model)
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Figure 7.16: Power flow in the HVDC links (ERCOT one gen trip using detailed model)

Two Generators Trip in the WECC System

In order to test frequency support to the WECC interconnection from the other two

interconnections, two Palo Verde generation drop amounting to almost 2700 MW in

generation drop is simulated. Three scenarios similar to the previous case, the frequency

responses of the three interconnections, are shown in Fig. 7.17. The power flow from the

EI and ERCOT systems is shown in Fig. 7.18. The nadir when no additional support is

provided to WECC is around 59.825 Hz. The frequency response of the system improves

significantly to 59.89 Hz when both EI and ERCOT provide additional support. During this

time, the frequency of the EI system remains above 59.95 Hz and the frequency response of

ERCOT remains above 59.9 Hz.

The power from the EI system reaches a maximum value of 900 MW. In this scenario, the

initial power flow direction is actually from WECC to ERCOT. In this scenario, the power

flow has to be reversed so that around 150 MW of power can be transferred from ERCOT

to WECC. Therefore, the total change in power is around 350 MW of power.
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Figure 7.17: Frequency responses of WECC, ERCOT, and EI (WECC two gen trip using
detailed model)

Figure 7.18: Power flow in HVDC lines (WECC two gen trip using detailed model)
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Two Generators Trip in the ERCOT System

Among the possible contingencies in ERCOT, a double generation drop leading to a loss of

2400 MW is the most severe. For this contingency, load loss will be initiated in order to

maintain the stability. In this scenario, when no additional frequency support was provided,

the system becomes unstable. The frequency response is shown in Fig. 7.19. With additional

frequency support, the system becomes stable. The nadir of the ERCOT interconnection is

around 59.65 Hz. The power flow from each of the interconnection is shown in Fig. 7.20.

With only primary control, the system becomes stable. However, the settling frequency

is around 59.7 Hz, which might harm different components if this frequency persists in the

system. Therefore, if there isn’t sufficient sustained frequency support, additional frequency

support can be provided by other systems. The response of ERCOT is shown in Fig. 7.21.

The settling frequency is now around 59.82 Hz. The power flow in the HVDC system is

shown in Fig. 7.22. After the settling frequency is seen to fall below the secure limits, the

HVDC power flow from each of the interconnections is increased at a constant ramp rate.

The power flow from EI to ERCOT is increased to 1200 MW (maximum limit) and the

power flow from WECC to ERCOT reaches 400 MW.

Figure 7.19: Frequency responses of WECC, ERCOT, and EI (ERCOT two gen trip using
detailed model)
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Figure 7.20: Power flow in HVDC lines (ERCOT two gen trip using detailed model)

Figure 7.21: Multi-step frequency responses in the ERCOT system (detailed model)
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Figure 7.22: The multi-step power increase in HVDC lines (detailed model)

7.5 Conclusions

A novel frequency controller for HVDC links is proposed for sharing the responsive reserves

of the interconnected power systems. The proposed frequency controller can provide fast

frequency response for stabilizing the frequency of the disturbed power grid and corrective

frequency control for establishing a secure settling frequency. The HVDC links can also

participate in the system secondary frequency response as for restoration of system frequency

back to its nominal operating frequency.

The test studies are based on a reduced North American grid model with the three

interconnections (EI, WECC, and ERCOT) interconnected by respective VSC-HVDC links.

The test cases show improved frequency responses, especially for the ERCOT system under

critical generator outages. Further studies are to investigate the frequency support capability

of HVDC links such as inertial response, fast frequency response, primary frequency response,

etc. as required by the ancillary service markets.
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Chapter 8

Conclusion and Future Work

With the rapidly changing nature of power systems, the challenges of operating them

reliably have definitely increased. However, with advancements in measurement technology,

simulation tools and techniques, and increased knowledge of the system, there are new

avenues opening up to ensure that the power system is operated more reliably and more

efficiently and also using cleaner resources. In this work, several challenges related to reliable

operation of the bulk electric system has been studied in detail. A detailed analysis of

the possible mitigation and its adverse effects have also been studied. Depending on the

objective of the analysis, the appropriate tools and techniques have been used to further

analyze the system. In the first part of the system, the effect of momentary cessation on

the frequency response of WECC system has been studied in detail. Considering the lack of

sufficient information, an estimation regarding the actual resources that went into momentary

cessation has been done. It also highlights the fact that distribution level generators have

now started to affect the bulk electric system. One of the challenges of this phenomenon

has been that the exact amount of generation trip could not be assessed. In Chapter 3,

a new ROCOF-based algorithm has been tested on the WECC system to determine the

generation trip. This method seems to be promising, but future use of artificial intelligence

algorithms will improve its accuracy further. In Chapter 4, the influence of load modeling

on frequency response of the system has been assessed. In the Chapter 5, the possibility of

using short-term overloading capability of HVDC to improve the first swing stability limit of

the WECC system has been studied. As this affects the stability of the entire region, wide
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area simulation is done to study its impact. The increase in stability limit is shown for the

cases tested. In Chapter 6, the process of development of a continent-wide power system

model is discussed. In Chapter 7, frequency response sharing between the interconnections

is proposed and discussed.

Based on the work so far, it is assessed that changing resource mix is a more urgent and

important concern that could affect the reliable operation of the power system. Therefore,

in the future, the plan is to study effects on the large power system. With changing resource

mix, the need to study the adequacy of the frequency response with deteriorating inertia

will be studied in detail in future.
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A Effect of GIC Blocking Devices on Subsynchrnous

Oscillations in Generators

A.1 Introduction

Neutral blocking device (NBD) is considered as one of the most effective approaches for

mitigating the effects of Geomagnetic Induced currents( GIC) [91–95]. They are inserted on

the neutral of those transformers that are considered at-risk from GICs impact perspective.

Typically, in an NBD, a capacitor and a resistor are connected in series to the neutral of the

transformer in case of grounded Y, or in series with the phase wires for auto-transformers

[91].

NBDs block (strongly attenuate) the very low-frequency components of the GICs from

entering the transformer: this prevents the transformer from saturating near the peak of the

half-cycle of the power waveform. As it is well known, driving a transformer to saturation

leads to generation of an anomalous level of harmonic flow, possibly impacting nearby

reactive compensation units (that could go off-line, due to protection tripping). In the most

severe cases, this may also have a cascading effect and lead to large-scale voltage instability

[96]. Furthermore, prolonged operation in partially saturated conditions may cause thermal

damages to the transformer itself.

NBDs have been successfully tested in the field. However, they have not been adopted

by the industry as the solution on a large scale. There are some concerns about possible

operational issues resulting from NBDs installation, namely a reduced functionality of distant

protection relays, impact on the GIC intensity in lines where NBDs have not been inserted,

and the establishment of resonant conditions in buses connected to synchronous generators

[94]. Some of these issues have been already addressed in the literature [96–99]. In [100],

several scenarios were tested on a benchmark model with NBDs during normal and abnormal

operations, including short-circuit current, and ferroresonance conditions.

However, the possibility of NBD causing the Sub-Synchronous Resonance (SSR) oscil-

lations has not been studied in detail. The phenomenon that involves the exchange of

energy between the mechanical system of the generator (turbine) and the electrical system
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at a natural frequency below the synchronous frequency of the system (60Hz) is known

as Subsynchronous resonance (SSR) [99, 101]. Depending on the nature of the SSR, the

magnitude of oscillations, and the severity of its impact can vary significantly [101]. SSRs

cause torsional stress in rotating machines, and that can lead to shaft failures [102]. Torsional

stress issues related to SSRs in a network with multiple generators have been studied in

[100]: in this case, the presence of series capacitor compensation in transmission lines has

been found to be one of the main causes for the establishment of SSR conditions.

This provides a justification for the present study: enabling the NBD protection consists

essentially to insert capacitor in series on the neutral of a Y-configured transformer winding.

Thus, in conditions where the current on the neutral becomes significant (i.e., for large

phase unbalance, typically from fault conditions), there is the possibility of triggering

a resonant electromechanical oscillation with a synchronous generator in close proximity.

This phenomenon is called as torque amplification. In this work, the possibility of torque

amplification is studied.

A.2 Theory of Sub-synchronous Oscillations

Depending on the nature of the interactions, the SSR has been classified into three

categories[101, 103]:

1. Induction generator effect: This phenomenon is observed only in the electrical sub-

system, and there is a generator in the proximity of a capacitor. When there is an

external resonant circuit with a natural frequency of fer, there are armature currents

that that are introduced at f0 + fer and f0 − fer frequencies. The subsynchronous

frequency of f0 − fer causes a rotating magnetic field that is slower than the rotor

magnetic field. Hence, the rotor resistance as viewed from armature terminals is

negative, and if this is lesser than the armature and the network resistances, the

electrical system is self-excited and might result in an increase in voltages and currents.

This phenomenon is considered as a small signal stability issue and is analyzed using

linear techniques.

126



2. Torsional interaction: This phenomenon is observed when one of the resonant

frequencies of the external electrical circuit is close to the torsional modes of the rotor.

When a small disturbance excites natural modes of the external circuit or the turbine,

and they interact with each other in such a way that the resultant armature currents

cause the torques to amplify which in turn cause the voltages to increase and lead to

sustained oscillations. These oscillations are referred to as torque interaction, and can

also be analyzed using linear techniques.

3. Torsional Amplification: When a large disturbance occurs in the power system, and

the resonant frequency is closer to the shaft frequency, then the resulting torque in

the turbine is much greater than the ones produced during three phase faults and

lead to unnecessary mechanical stress. If the timing of the fault reinforces the torque

amplification, it can result in even higher torques and hence needs to be studied in

detail. Unlike the other two phenomena, this is a nonlinear phenomenon because torque

amplification is observed after a severe fault(including an unbalanced fault) occurs. As

this is not a small disturbance(in some cases balanced), the assumptions of linearity

are not valid. The behavior of all the power system components, including the turbine

and generator, is nonlinear. Therefore, to model this phenomenon accurately EMTP

type time domain simulation software is needed. In this work, the possibility of torque

amplification during large disturbances due to the resonance between the turbine and

the NBD is studied in detail.

A.3 NBD Description

The schematic illustration of a neutral blocking device is shown in Fig. A.1 (reproduced

from [94]). There are three modes of operations, depending on the condition of the grid:

1. Normal mode: The neutral is grounded through the switch. This mode is the default

configuration in normal operations when no GICs have been detected.

2. Blocking mode: Once GIC is detected, the blocking mode is switched on by inserting

a capacitor in series with a resistor on the neutral [95]. The resistor used is close to 1
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Figure A.1: High-level scheme of a GMD Blocking device

Ω and is used to damp the oscillations in the neutral during transients. The capacitor

prevents the low-frequency, common-mode GIC flowing into the lines connected to the

transformer, while leaves any neutral current at power frequency unaffected.

3. Fault mode: This mode is activated when the device is already in the blocking mode

(i.e., GIC currents have been detected) and a ground fault occurs, leading to a large

current in the neutral. A metal-oxide varistor (MOV) is used to protect the capacitor

from an over voltage condition. A MOV is a nonlinear component whose resistance is

drastically reduced when the voltage across it increases. Thus, during a fault, when its

applied voltage rises above a specified threshold. In this way, if the voltage builds up

on the NBD capacitor becomes larger than the MOV threshold, the MOV provides a

bypass for the current in the capacitor, thus protecting it from overvoltage damages.

In the model here considered the MOV during the conduction mode is simulated by a

small resistor. It typically takes around 1-5 ms for the voltage across the capacitor to

trigger the MOV [94]conduction.
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A.4 Model Description and Methodology

The power system model is based on the first IEEE benchmark model [104, 105] and the

corresponding MATLAB Simulink model is shown in Fig. A.2. It consists of a single

generator connected to an infinite bus through a transformer and a long transmission line.

The detailed model of the turbines of the generator is used The three torsional modes of the

turbines are 24.65 Hz, 32.39 Hz, and 51.10 Hz. The IEEE benchmark model was initially

designed to study the effects of series compensation on torsional modes, and therefore a

capacitor is present in series with the transmission line. Since the focus of this work is

the energy exchange between the capacitor on the neutral and the generator turbine, the

capacitor originally present in series with the transmission line has been removed.

As described in the previous section, an NBD consists of a resistor, a capacitor, and a

MOV. The primary objective is to study if the occurrence of a fault could cause significant

energy exchanges between the turbine and the capacitor in the NBD. Therefore, initially,

the effect of only the capacitor and the resistor on the neutral of the transformer on the

subsynchronous oscillations is studied. The model used for this initial study is shown in Fig.

A.2. Then a detailed model of NBD including a MOV to conduct a more practical study.

The occurrence of a fault can be in first approximation represented as a rectangular pulse

(first is when the fault is switched on, and then when the fault is cleared). The fault triggers

Figure A.2: Simulink model of the test system with a capacitor and resistor (without
MOV)
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a step response of the system, where, all the natural frequencies of the system, including

the torsional frequencies and the capacitor-resonance frequencies, are present. Since this is

a large disturbance, (compared to the nominal parameters during normal operations) there

could be significant energy exchange between the turbines and the electrical network, and,

if resonant conditions exist, a torque amplification may occur. Following the occurrence of a

large fault, the power system components behave nonlinearly, and to study them accurately,

EMTP type time domain simulation is needed. Therefore, the Matlab-Simulink tool box is

used.

A.5 Simulation Results

Effect of a Capacitor on the Neutral on the SSO

The impact of the capacitor in the neutral, in relation to the possible trigger of the Sub-

synchronous oscillations, is analyzed by varying the magnitude and the duration fault and

observing the effect on the maximum torque in the rotating machine. These results are mostly

referring to a theoretical worst-case scenario, because GIC blocking devices are designed to

prevent the capacitor from being inserted when the current is above a given level, e.g., for

most fault conditions. In order to study the effect of a capacitor inserted on the neutral,

asymmetric faults are required; in this case, a line-to-ground (LG) fault is considered. The

case of a 50µF capacitor connected to the neutral of the transformers, when an LG fault is

applied and cleared after four cycles are presented in detail in Fig. A.3. In this case, it can

be seen that the maximum torque reaches almost 4 pu. The corresponding current through

the capacitor in the neutral is also shown in Fig. A.4.

The variation of the magnitude of the maximum torque in the generator for different

values of the capacitor in the neutral is shown in Fig. A.5, where it can be seen that the

maximum torque occurs for a capacitor of about 50 µF. This value corresponds to a resonance

frequency near 36 Hz, which corresponds to the 60− fr (fr corresponding to 24 Hz torsional

mode). The maximum torque seen in this case is closer to 3.75 pu, which is an amplitude

that might cause serious damage to the shaft of the generators. When the value of the
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Figure A.3: Maximum torque variation observed in generators when sub-synchronous
oscillations are triggered (50µF is connected to the neutral of a transformer)

Figure A.4: The current through the capacitor on neutral when sub-synchronous
oscillations are triggered (50µF is connected to the neutral of a transformer)
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capacitor is increased, it can be seen that the torque amplification is significantly reduced,

in other words, using a larger capacitor prevents the onset of sub-synchronous resonances.

Figure A.5: Variation of torque with capacitor

Considering that the effect of a large fault is being studied, the variation of the fault

clearing time has a significant influence on the behavior of the system. With a 50µF

capacitor, the change of magnitude of the maximum torque vs. fault clearing time is shown

in Fig. A.6. Here it can be seen that maximum torques correspond to a fault clearing time

in the order of 6 cycles and that when the clearing time is increased beyond that value, the

maximum torque is reduced.

Another series of simulations were conducted to study the effects of different fault types

on the torque amplification, as shown in Fig. A.7, where the torque vs. time is plotted for

the five possible fault scenarios (as in the inset of Fig. A.7). This test shows that the large

torque amplification resulting from the fault is present only for the LG case, that is the one

that leads to the most unbalanced condition.

The impedance value of 50µ F capacitor at 60Hz is around 50Ω. Practically, this high

value of impedance is not added to the neutral of the transformer. The value of the impedance
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Figure A.6: Variation of torque with fault time

Figure A.7: Effect of different faults on the torque output of the generators
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Figure A.8: Torque of the generators with capacitor value of (2500 µF)

usually included is closer to 1Ω which corresponds to 2500 µF. When a LG fault is initiated

and cleared after 4 cycles, the torque seen in the generator turbine is shown in Fig. A.8. It

can be seen that the maximum torque only reaches 0.8 pu which is much smaller compared

to the values reached in previous simulations.

Effect of NBD (including MOV) on the SSO

Even though it can be seen that including a capacitor in the neutral could cause torsional

interactions, the NBD in reality is designed with a bypass circuit with a MOV to protect

the capacitor on the neutral (as shown in Fig. A.9). Thus, during faults, the capacitors are

bypassed when the voltage exceeds a given threshold. MOV is basically a voltage-dependent

resistor that is commonly used to protect components from high voltage surges. When this

device is placed in parallel with the capacitor, it exhibits low resistance when the voltage

across the component goes beyond the clamp voltage. Once the MOV enters this pressure

relief region, it will not return to the high resistance region. It must be replaced. The

detailed model of the MOV is described in [106].

In this work, a varistor has been added in parallel with the capacitor in the neutral of

the transformer. The clamp voltage of the MOV is set at 4kV (similar to the one used in
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Figure A.9: Simulink model of the test system with NBD (with capacitor, resistor and
MOV)

[99]) . Thus, additional simulations are conducted with an improved realistic model of the

NBD. In this case, when the voltage across the capacitor reaches 4kV, a certain pre-defined

threshold, the capacitor is bypassed by an MOV that enters in the conduction mode (this

is done to prevent damage to the capacitor) and the energy exchange between the capacitor

and the turbine is reduced. In practice, this switching occurs within 1-5 ms, depending on

the fault impedance. MOV

It can be seen that when the voltage across the capacitor goes beyond the MOV break

down voltage, the current in the capacitor is reduced drastically. The variation of torque

with time is shown in Fig. A.10. It can be seen that if the MOV switch operates correctly,

then there would be no interaction between the capacitor and the torsional modes of the

generator, and torque amplification might be avoided. It can be seen that when the voltage

across the capacitor goes beyond the MOV break down voltage, the current in the capacitor

is reduced drastically.
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Figure A.10: Torque in generators when the fault is applied with NBD model

A.6 Conclusion

In this chapter, the possibility of Neutral blocking device causing SSR in the generators has

been investigated. Specifically, the possibility of torque amplification has been demonstrated.

The torque amplification may be particularly severe when the value of the NBD capacitor

is small, as compared to standard NBD designs. However, for typical capacitor values and

with the MOV operating properly, there seem to be no concern about the triggering of the

SSOs.

Since a particular bus system is analyzed in this study, for a more general conclusion,

more bus configurations and torsional frequencies should be considered to ensure that even

with higher values of capacitors the SSOs can be always avoided. Hence, in general, it would

be recommended to conduct similar analysis to the one here presented, regarding the effect

of NBD on the SSO before the installation.
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B Faster than Real-time Electrodynamic Simulation

using FPGAs

B.1 Introduction

The work described in this chapter has been done as a part of Grid Self-Aware Elastic

Extensible Resiliency (Grid-SEER) project. The purpose of the project is to create an

open, scalable, hybrid, real-time, grid simulator and an open software suite (models,

solvers, and design/configuration tools) which runs on scalable, commercially available, high-

performance hardware (multi-CPU/FPGA/GPU like the low-latency reconfigurable FPGA-

supercomputer) integrating wide-area (electromechanical simulations) with multiple “smaller

regions” of higher fidelity/time-scale (power-electronics/electromagnetic simulations). As

the part of the feasibility study the electromechanical simulation of 9 bus system is developed

and tested using LabVIEW software. A faster than real time electromechanical simulation

is developed on the NI R series -7976R FPGA platform using LabVIEW FPGA software.

An estimation of the resources required to simulate the Eastern Interconnect in real time is

done.

The mathematical modeling and numerical techniques involved in simulation of a real

power system like Eastern Interconnection are arduous. Massive number of computations

need to be carried out in every time step. This is usually achieved in most of these tools by

using multiple processors operating in parallel with a communication network to exchange

data. Different processors like reduced instruction set computers, digital signal processors,

graphical processing units have all been used to improve the performance of the simulations.

In spite of extremely efficient parallel algorithms, large communication latency has made

simulation of very large systems impractical.

Field Programmable Gate Arrays (FPGA) have gained popularity because large number

of computations can be done in parallel. FPGAs have logic blocks and input output

blocks that can be customized to the requirements of the simulation. New technologies like

PCIe allow high speed communication between FPGAs thus allowing large amount of data

exchange. The main reason FPGA based simulators have not gained traction is probably
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because VHDL programming of FPGA is complex. National Instruments has developed a

Graphical User Interface based system design software called LabVIEW. It has been widely

accepted in the research community and is used for various applications. It is flexible and also

supports a lot of mathematical functions as well. The main advantage of this software is that

it has a FPGA design toolbox. FPGAs can be programmed directly using LabVIEW without

having to deal with cumbersome programming of FPGAs using VHDL. LabVIEW directly

optimizes the design. LabVIEW FPGA is effective and shortens the time for developing the

design.

B.2 Architecture of the FPGA based Simulator

As it has been mentioned before, FPGAs are highly parallel and completely programmable

computational platform. From a simulator development standpoint, this is extremely

advantageous as one can parallelize the algorithm according to the specific system to ensure

optimal use of resources and performance. On, the other hand, this also means that we

need to develop not just the computational code but also various control blocks to basically

handle the memory, data and communication of the entire system. In case of large system

simulator with the multiple FPGAs, there would be a need to develop a central controller

that orchestrates the entire thing. The proposed architecture has hierarchical control design,

where apart from the central intelligence unit individual FPGAs too have controllers, that

control the data flow in the controller and memory access to the block RAM. We provide a

general abstraction about this FPGA system. The simulator consists of four major functional

blocks as shown in Fig . B.1

1. Central Intelligence Unit (CIU): The primary function of the CIU is that of a main

controller. Depending on the algorithm chosen to solve the system, the CIU will

partition the set of equations to be solved among the FPGA computation units. The

splitting of equations will be depend on the topology of the network and on the

regions of electromechanical simulation and electromagnetic simulation. It will also

keep track of the nonlinearities present in the system and significant changes in the

topology to change the system of equations accordingly. This will be running on the
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Figure B.1: Functional blocks of FPGA simulator

CPU where all the pre-simulation routines likes load flow, Y bus formation, machine

parameter calculations will be done. As these routines are not time sensitive, they can

be programmed on CPU itself.

2. FPGA Interface Unit: The primary function of this unit is to keep track of the

communication between the different parts present in the system. It ensures that

the timing constraint of the real time simulator is not violated. It synchronizes all the

units at every time step. It is also acts like an intermediate between the CIU and the

FPGA computation units.

3. FPGA Computation Units (FCU): These are the primary computation blocks.

All the arithmetic operations will be done in these units. Depending on the

type of computation (electromagnetic simulation or electrodynamic simulation or

both), different topologies are implemented to maximize parallelism and increase the

computation speed. Pipelining techniques would be used to ensure large amount of

computation can be done simultaneously. Apart from these FPGA based computation

units, there may be additional controllers included in the design. The modular designs

allows for different sub-systems to be included.

4. Communication Channels: PXIe chassis facilitate large amount of data transfers at a

very fast rate. In this system, Zero byte latency is between 1.2 and 2 µsec depending on
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the FPGA card. The FPGA cards currently used utilize gen 2x8 interfaces capable of

3.2 GBytes/sec into or out of the module. The PXIe chassis is capable of 24 GBytes/sec

overall bandwidth between all cards in the chassis. Considering communication has

been the bottleneck with large scale simulation, this new communication technology

will support this architecture. In case of electromagnetic simulation, components

like PWM engine were also developed and incorporated into the system. In case

of electrodynamic simulation integrator and transformation blocks were developed

which are discussed in depth at a later stage. Basically, depending on the simulation

conditions, additional blocks might be added to the design hence ensuring the

modularity of the design.

The main computational unit of the real time simulator mainly consists of three blocks:

• Integration block.

• Transformation block

• Matrix multiplication block

1. Integration block: In its current form, the explicit integration technique of Forward

Euler is used to solve the differential equations. 6th order generator model is used to

model the synchronous generators in all the cases. Therefore, six differential equations

are to be solved for every generator in every single time step. The algorithm has been

made flexible to handle more complicated models with additional controls.

2. Transformation block: In order to transform the variables from network reference

frame to machine reference frame, trigonometric functions need to be used. The

current FPGA target used does not have a direct implementation of the sine and

cosine functions. In order to continue computing in single precision, look up tables for

sine and cosine functions is implemented in block memory of the FPGA explicitly.

3. Matrix multiplication block: In every time step, a linear equation involving the

admittance matrix needs to be solved. The simulation in current form uses the

inverse of the admittance matrix stored in the memory to calculate the variables. In
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future, a block to invert the admittance matrix will also be included. Apart from the

computation blocks, an asynchronous communication protocol is developed to transfer

the information of the variables between the FPGA and the host machine.

B.3 Results

Implementation of the 9 bus system on LabVIEW FPGA:

The FPGA target used for this simulation is an NI- R series 7822 FPGA. Fig. B.2 shows

a summary of the resources utilized in the device for the electrodynamic simulation. For

the 9 bus system on 10 % of the memory and registers, around 40% of the Slices, and 30%

of Look Up tables are used. With additional optimization, it is hypothesized that the final

utilization can be reduced to 10%. Single precision floating point is used in these models as

this FPGA target does not support the use of double precision.

A small disturbance is created in order to simulate an electromechanical transient. The

change in machine speed and machine angles are shown in the Fig. B.3 and Fig. B.4

respectively. The machine speed changes rapidly initially and eventually stabilizes and settles

down to the steady state values. The machine angles also changes but not as rapidly as the

machine speed and eventually settles down to a steady state value. Each of the iteration

step takes 200 µs which is 5 times faster than the time step actually needed. A number of

optimization techniques commonly used in LabVIEW can also be implemented in the future

which may reduce computation time further.

B.4 Estimation of the Resources for Faster than Real-time Simu-

lation of EI system

An estimation is done based on the following assumptions about the resources and the

challenges to build a large scale FPGA based simulator. The following assumptions have

been made for this estimation:

1. The system can be automatically divided into smaller parts without much loss of

accuracy of the model.
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Figure B.2: Device utilization report of the Electrodynamic simulation

Figure B.3: Machine speeds of synchronous generators during a disturbance (9 bus system)

Figure B.4: Machine angles of synchronous generators during a disturbance (9 bus system)
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2. Double precision (64 bits) data is used for all the variables and constants.

3. The system has been designed with reasonable amount of optimization and pipelining

techniques. (This is not the best case scenario possible as the pipe lining technique

might itself be too complicated to be implemented.)

4. For this estimation, block memory is considered as default memory used.(In order to

use D-RAMs present additional logic needs to be implemented and also the latency is

higher for this memory)

5. The generator models used is 9th order models that implies 9 differential equations per

generator (Includes exciters and governor models).

6. The clock cycle is assumed to be 100MHz (10 ns time period)

7. LU factorization has been done already and all the factors are readily available for the

computation units.

8. The specifications used for this assumption is made using FlexRIO 7976R.

9. The explicit backward Euler method is used for this estimation. This is the method

used in PSS/E and is not as computationally intensive as the implicit methods like

trapezoidal methods which are nonlinear and need to use NR iterations to be solved.

(Trapezoidal method is known to be more stable.)

Estimation of the resource required is basically done with respect to the two major parts

of the simulator namely, integrator and linear system solver. The transformation block

is included with the integrators as they are just 4 additional equations per machine. (2

transformation equations from network to machine and 2 from machine frame of reference

to network). The integrator block has to process large number of integration equations in

parallel and is optimized with respect to size and speed and pipelined accordingly.

The linear system solver is the other major part of the simulator that will be able to

solve Ax=b within 1 time step. There are many possibilities to solve the linear system. For

this study two particular methods are considered. One is using the pre-calculated LU factors

and the other is using the inverse of the matrix.
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For each of these major blocks, an estimation is done assuming that one of these factors

namely: memory, computation or communication might be a bottleneck. The final number

of FPGAs will have to adhere to the strictest condition. A 9 bus system is also implemented

as a part of the project and a practical estimation based on this experimentation has also

been documented.

1. Integrator: It is assumed that every generator is represented using 9th order model.

Thus, there are 9 differential equation that has to be solved for every generator at every

time step. In the Eastern interconnect there are 70,000 buses with 8000 generators.

Thus 72,000 differential equations would have to be solved in every iteration.

Memory storage: For every generator there are 9 equations to be solved and there

are a total of about 100 constants and variables. The first criteria is the memory

constraint. For the purposes of this study, FlexRIO 7976R is used. In order to keep

the latency of data retrieval from memory to a minimum the data is assumed to be

stored in block memory. The block memory size of 7976R is 8748k bits. 64 bits is

needed to store 1 point of data and 16 bits to store the machine number and also

constant type. Thus, every machine needs at least 125*64 bits=8k bits. Additional

memory is needed for addressing. Hence rounding off, around 1000 machines can be

stored in the block memory. With memory being the constraint around 1000 machines

can be simulated on 1 FPGA. Hence around 8 FPGAs might be needed just to integrate

the entire system. This is assuming that all the computation blocks to carry out the

actual operation are present.

Computation: If 1000 machines needs to be integrated in every time step on every

FPGA, there are many possible configurations. Assuming a machine is integrated

after the other sequentially but integrate all the differential equations of one machine

in parallel. There would be a computation block that can integrate 9 differential

equations. However, only 1 machine can be processed at a time. If it is assumed that

the time step is 5ms, then in order to complete the integration of all 1000 generators,the

integration of every generator has to be completed within 5µs. Assuming the time step

is 10ns, about 500 clock cycles is needed to complete an entire set of equations, which
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is feasible. 2 computation units and process 2 generators can be used at the same time.

Thus allowing 1000 clock cycles to complete each generator.

Apart from the integration, the transformation block is included in the integrator. The

transformation from network frame of reference to machine frame of reference is done

before the integration. After the integration is complete, the variables are transformed

into network frame of reference using the current values. One of the complex parts of

this block is the trigonometric functions that need to be used. There will be latency

when these trigonometric functions are generated. Therefore, the integrator along

with transformation of 1000 generators might be possible with 1 FPGA. Thus, around

8 FPGAs is needed for simulating all the equations. Thus if only 1 FPGA is available,

it would take 40ms to simulate 5ms time step. Hence, for a simulation of 1s with 5ms

time step would actually take about 8s.

Communication: If 1 kByte of data is needed every 5ms, then the communication

speed that needs to be handled is 200kB/s, which is not a constraint. By designing a

good data and memory transfer onto FPGA, 1000 generators can be processed every

time step.

2. Solution of Linear system: For the algebraic equations, the only non-zero entries on

the RHS side are the generator buses. Hence, the number of complex linear equations

that needs to be solved is equal to the number of generator equations and may be some

additional equations as they may have been connected to the normal buses. Hence,

the actual number of equations to be solved is increased by 25%.

Estimation assuming system is solved using LU factors

Memory: The number of generators present in the eastern interconnect system

is around 8,000. The number of complex equations to be solved is assumed as 10,000.

Thus, the actual size of the equation to be solved is now 20,000 bus system which is

extremely sparse. Assuming that the system is 99.9% sparse, there will be 20 non-zero

entries per column. The total number of non-zero elements is now around 400,000

elements. Apart from the 20,000 elements, the addresses of these 420,000 elements will

have to be stored.
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Memory for the elements =420k*64=26880k

Memory for the pointers=420k*16=6720k

Just in terms of memory space, additional 5 FPGAs will be needed to store all the

elements on the block memory of the FPGA. But using LU factors to solve Ax=b will

involve complex algorithm that is sequential in nature as depending on the network

the columns will have to be processed serially whereas the rows can be processed in

parallel.

Computation: Due to the sequential nature of the computation, the worst case

scenario of processing every column sequentially is taken as the base case. Using

various other optimization techniques, more than one columns can be computed but as

seen from device utilization, only around 10-15 computation units (High performance

Multiply add units) can be used at the same time. Due to latency in memory retrieval

(the sparse structure would need more complicated and sequential addressing compared

with inverse matrix approach) and maximum number of computation units is around

10 (as there may be 20 nonzero elements), one parallel set would need 100 cycles and

so total amount of cycles required per column would be 200. Hence using the clock

frequency of 100 MHz (10ns time step), it would need 2 µs to process each column.

Hence, total columns that can be processed in a time step of 5 ms would be 2,500. As

both Lower triangular matrix and upper triangular matrix has to be processed, around

16 FPGAs will be needed to process the computation of LU factorization, assuming

LU factors are available.

The critical assumption made in this case is that the entire system can be divided

into 16 different regions that can be processed in parallel. In case one of the iterative

methods has to be used, then the amount of time taken will increase and so will the

number of FPGAs required. There is a way to increase the clock frequency but the

resource utilization would increase and then fewer rows can be processed hence taking

more amount of time.

Communication: In either of these cases, the data is already assumed to be

present on the FPGA. In case the data needs to be communicated, the data transfer
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rates will be less than 1MB/s. Hence, communication will not be the bottleneck in

these cases.

Estimation assuming system is solved using inverse of the matrix

Memory: Every row will have 20,000 elements. So the memory required for every

row in block memory is 1280kb. With around 8786kb on Flex-RIO around 8(6) rows can

be stored simultaneously. Depending on the computational units, the data retrieval

can be pipelined such that the data is available on all the parallel computational

unit. Hence in this case, communication and computation blocks will be the main

bottlenecks. If the K410T is used which has 28,620 RAM bits about 20 rows can be

stored simultaneously. Each computation unit can process up to 25 rows in one time

step. Hence, assuming data communication rate is fast and 20 computational unit can

be fit and 20*25=500 rows can be computed in every time step. 40 FPGAs will be

needed to just solve the linear system of equations. Therefore, storing the inverse of

the entire system would not be feasible. A better solution would be to tear the system

into smaller parts and then store their inverses.

Computation: In order to utilize the parallel nature of FPGA completely and

pre-calculate inverse of A matrix (A−1), the total number of non-zero elements will be

400,000k elements. So approximately 400 million multiplication and additions will have

to be done in every time step. Assuming a time step of 10 ns. One multiplication-

add unit can approximately do 500000 computations in 5 ms. That means it can

complete about 25 complete rows. (Each row will have 20,000 computations). With

10 such computation units on each of the FPGA (Assuming each computation unit

needs about 10% of the resources. 250 rows can be computed in every FPGA board.

Thus 80 FPGA boards would be needed just to solve the linear system of equations

with inverse being computed on the host machine. In case 20 computational units are

used , the system can be simulated using 40 FPGA boards.

Communication: For every row of the A−1 matrix about 20,000 A−1 elements and

20,000 elements of x is to be stored. Thus, about 40k *64+40k *16 (data + address) is

needed . That is about 3.2Mbits or 400k Bytes. Every 5 ms or the data rate should be
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around 400kBytes/.005=80Mbytes/s. Considering the transfer rate is 2GB/s, 25 rows

worth of data can be transferred within 1 time step.

The summary of the estimation of the resources needed to simulate eastern intercon-

nection is shown in Table B.1

3. Estimation based on experimentation: These estimates are based on the test system

developed and tested on NI FPGA 9822R. 9 bus system (3 generators) is simulated

faster than real time on 1 FPGA. It took up 40% of the resources. It was simulated

with a 40MHz clock. It could simulate one time step in 200 µs. This system had 3

generators. These FPGAs could go up to 100 MHz but the resource utilization would

also increase with increase in frequency of the clock cycle. Some of the high throughput

function may not work at this rate.

Hence 3 generators can be simulated with 40% of the resources at 200 µs. Utilising

100% of the resources would mean around 8 generators can be simulated for 1 time

step within 200 µs. For 1 second total simulation time with 5 ms time step, the

total number of time steps is 200. Hence, for 1 system with 8 generators, 1 second

of dynamic simulation can be done in 0.04 s. Extrapolating this estimation to be in

real time, around 200 generators can be simulated per FPGA in real time with a time

step of 5ms. For 8000 bus system, 40 FPGAs are needed to simulate the Eastern

interconnect system. For 100 MHz, an increase in the resources would mean around

5 generators can be simulated for 1 time step within 80 µs (assuming it takes 8000

cycles). This simulation is 62.5 times faster. Hence around 320 generators can be

Table B.1: Number of FPGAs required to simulate Eastern Interconnection

Block Memory
constraints

Computation
Block constraints

Communication
constraints

Integrator 8 8 Not a constraint
Linear system solver

(LU factors)
5 6 Not a constraint

Linear system solver
(Inverse matrix )

100(7976 R) or
40 (K410 T )

40 40
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simulated per FPGA. Therefore, around 25 FPGAs are needed to simulate the system.

This would be the best case scenario. The summary of the estimation is shown in

Table B.2.

B.5 Conclusion

The initial scoping study clearly shows that the communication bottlenecks and timing

constraints are not a big hindrance in the case of FPGA based system as have been the

case with general purpose processors and Graphical processing units. NI LabVIEW and its

graphical programming approach also reduces the complexity involved in programming a

FPGA based system through VHDL. This systems needs extensive development before they

can compete with the commercially available package. The best case scenario theoretically,

would involve using 8 FPGAs for integration and 16 for solving the linear system with LU

factors. Based on experimentation, the best case scenario would need around 25 FPGAs.

Practically, the number would be closer to 40 FPGAs.

Table B.2: Estimation of FPGAs required for simulating EI system based on
experimentation

Clock Cycle frequency 40 MHz 100MHz
Number of FPGAs required 40 25
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