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Presenter
Presentation Notes
Thank you for attending this talk. I will talk about our recent work (and still in progress) related to control and power sharing in a power system with very large levels of integration of renewables. That is, inverters and power electronics.The work is sponsored by EPRI. And is done by my current and former graduate students: Mohammad. Saleh (now at Karma) and Mehrdad (now at Smart Wires).
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Renewable Portfolio Standard Policies
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WA: 15% x 2020* 

OR: 50%x 2040* 
(large utilities)

CA: 60% 
x 2030

MT: 15% x 2015

NV: 25% x
2025* UT: 20% x 

2025*†

AZ: 15% x 
2025*

ND: 10% x 2015

NM: 20%x 2020 
(IOUs)

HI: 100% x 2045

CO: 30% by 2020 
(IOUs) *†

OK: 15% x 
2015

MN:26.5% 
x 2025 (IOUs)

31.5% x 2020 (Xcel)

MI: 15% x 
2021*†

WI: 10% 
2015

MO:15% x 
2021

IA: 105 MW IN:
10% x 
2025†

IL: 25% 
x 2026

OH: 12.5% 
x 2026

NC: 12.5% x 2021 (IOUs)

VA: 15% 
x 2025†KS: 20% x 2020

ME: 40% x 2017

29 States + Washington 
DC + 3 territories have a 
Renewable Portfolio 
Standard 
(8 states and 1 territories have 
renewable portfolio goals)

Renewable portfolio standard

Renewable portfolio goal Includes non-renewable alternative resources* Extra credit for solar or customer-sited renewables
†

U.S. Territories

DC

TX: 5,880 MW x 2015*

SD: 10% x 2015

SC: 2% 2021

NMI: 20% x 2016

PR: 20% x 2035

Guam: 25% x 2035

USVI: 30% x 2025

NH: 25.2% x 2025
VT: 75% x 2032
MA: 35% x 2030 + 1% each 
year thereafter (new resources) 
6.7% x 2020 (existing resources)

RI: 38.5% x 2035
CT: 40% x 2030

NY:50% x 2030

PA: 18% x 2021†
NJ: 50% x 2030 

DE: 25% x 2026*
MD: 25% x 2020
DC: 50% x 2032

Presenter
Presentation Notes
Why is the need to consider operation of the power system with large inverter share? Well, many states have renewable portfolio standards. CA 60%; OR 50% for large utilities; NY 50%. Most renewables, PV and type III, IV winds, with the significant expectation of hydro, utilize inverters to interface to the grid. We know more or less how to operate a grid with some inverters, but when it increases then many traditional concepts are challenged. 
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Inverter-Dominated Grid

Dear Officer Vincello,

B. Kroposki et al., 
“Achieving a 100% 
renewable grid,” 
Power & Energy M., 
2017.

Presenter
Presentation Notes
With this shift comes variability, more DG, different protection, different power flows patterns. 
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Electricity Generation Trend in the U.S.

Billion kWh

https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf (Oct. 2018)

Presenter
Presentation Notes
This shows the newest data available for electricity generation in the US. The share of renewables has been increasing over the last decade, partially offsetting the decline in coal (mainly itself offset by gas). 
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Monthly Data

https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf

Presenter
Presentation Notes
The same graph but with a higher resolution, which shows how the generation mix changes with seasons. More gas for electricity in warmer seasons and less generation overall in spring and fall. 
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Challenge

Conventional power sharing algorithms are geared 
toward electromechanical generation. Power sharing in a 
system dominated by inverter-based resources 
introduces challenges due to differences in the notion of 
frequency, stringent limits of the power electronics 
devices, and lack of inertia.

D. Ramasubramanian, E. Farantatos, S. Ziaeinejad, and A. Mehrizi-Sani, “Operation paradigm of an all converter interfaced generation 
bulk power system,” IET Gener. Transm. Distrib., vol. 12, no. 19, Sep. 2018.

Presenter
Presentation Notes
One of the questions to ask is whether flexible controls afforded by power electronics may be utilized for faster and better frequency response. With inverters that can independently maintain the grid voltage, a faster recovery is possible. 
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Background

Power system is (was) designed for operation with bulk 
electromechanical energy conversion.
– Generators: Synchronous generators
– Loads: Induction motors

Presenter
Presentation Notes
The blue trace in the  figures below, borrowed from NREL, show how inertial response changes in different scenarios with increasing wind generation. 15% 59.7 Hz, with 80%, 59.4% and the large steady state deviation. 
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Background

Power system is (was) designed for operation with bulk 
electromechanical energy conversion.
– Generators: Synchronous generators
– Loads: Induction motors

That means on top of every other stabilizing tool, we 
also have mechanical inertia, which can help hold the 
system together. 

Presenter
Presentation Notes
The blue trace in the  figures below, borrowed from NREL, show how inertial response changes in different scenarios with increasing wind generation. 15% 59.7 Hz, with 80%, 59.4% and the large steady state deviation. 
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Background

Power system is (was) designed for operation with bulk 
electromechanical energy conversion.
– Generators: Synchronous generators
– Loads: Induction motors

That means on top of every other stabilizing tool, we 
also have mechanical inertia, which can help hold the 
system together. 
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Presenter
Presentation Notes
The blue trace in the  figures below, borrowed from NREL, show how inertial response changes in different scenarios with increasing wind generation. 15% 59.7 Hz, with 80%, 59.4% and the large steady state deviation. 
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Changing Generation Scenery

Generation:
– More power electronics-based renewables

https://www.nerc.com/pa/rrm/Webinars%20DL/Generator_Governor_Frequency_Response_Webinar_April_2015.pdf

Presenter
Presentation Notes
Oct 16 and then Oct 20 more wind generation than BPA. This is 2012. In 2015, 100% wind at night. 
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Examples
– The BPA service area has several 
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generation.
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Changing Generation Scenery

Generation:
– More power electronics-based renewables

Examples
– The BPA service area has several 

times experienced 100% wind 
generation.

– The ERCOT system has also had 
instances of 50% instantaneous 
penetration of wind. 

https://www.nerc.com/pa/rrm/Webinars%20DL/Generator_Governor_Frequency_Response_Webinar_April_2015.pdf

Presenter
Presentation Notes
Oct 16 and then Oct 20 more wind generation than BPA. This is 2012. In 2015, 100% wind at night. 
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Generation:
– More power electronics-based renewables

Examples
– The BPA service area has several 

times experienced 100% wind 
generation.

– The ERCOT system has also had 
instances of 50% instantaneous 
penetration of wind. 

– In Australia (Tasmania), the power system routinely experiences 
more than 70% instantaneous inverter-based generation.

https://www.nerc.com/pa/rrm/Webinars%20DL/Generator_Governor_Frequency_Response_Webinar_April_2015.pdf

Presenter
Presentation Notes
Oct 16 and then Oct 20 more wind generation than BPA. This is 2012. In 2015, 100% wind at night. 
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Changing Generation Scenery

Generation:
– More power electronics-based renewables

Examples
– The BPA service area has several 

times experienced 100% wind 
generation.

– The ERCOT system has also had 
instances of 50% instantaneous 
penetration of wind. 

– In Australia (Tasmania), the power system routinely experiences 
more than 70% instantaneous inverter-based generation.

– In Ireland, the operators are expected to accommodate up to 75% 
instantaneous inverter-based generation by 2020.

https://www.nerc.com/pa/rrm/Webinars%20DL/Generator_Governor_Frequency_Response_Webinar_April_2015.pdf

Presenter
Presentation Notes
Oct 16 and then Oct 20 more wind generation than BPA. This is 2012. In 2015, 100% wind at night. 
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Changing Load Scenery

Presenter
Presentation Notes
A similar thing is happening for loads. We are moving from motor to drives (which are motors plus inverters) and they are the largest consumer of electrical energy at 64%. Lights are becoming more converter based and modern appliances have intrinsic converters inside. 
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– More inverter-interfaced loads
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Changing Load Scenery

Loads
– More inverter-interfaced loads

Examples
– Electric drives (motor + inverter) are the largest consumer of 

electricity (about 64%) in the United States.
– Lights: multicolor LED, e.g., Philips Hue
– Modern appliances

Presenter
Presentation Notes
A similar thing is happening for loads. We are moving from motor to drives (which are motors plus inverters) and they are the largest consumer of electrical energy at 64%. Lights are becoming more converter based and modern appliances have intrinsic converters inside. 
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Changing Load Scenery

Loads
– More inverter-interfaced loads

Examples
– Electric drives (motor + inverter) are the largest consumer of 

electricity (about 64%) in the United States.
– Lights: multicolor LED, e.g., Philips Hue
– Modern appliances

This shift toward inverter-based 
resources brings about significant 
challenges in power system 
dynamics, stability, and control.

Presenter
Presentation Notes
A similar thing is happening for loads. We are moving from motor to drives (which are motors plus inverters) and they are the largest consumer of electrical energy at 64%. Lights are becoming more converter based and modern appliances have intrinsic converters inside. 
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Outline

Problem

Basics
– Inverter Types
– Power Sharing Methods

Our Proposed Method

Results

More Results

Presenter
Presentation Notes
So the overview of presentation today: what is the problem, basic definitions and review, our proposed method, results and then a bit more results. 
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Problem

Presenter
Presentation Notes
So why are we doing this. Let’s take a step back. CA has an actual goal of doing 60% by 2030. 
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Problem

One of the grand energy challenges is to enable 
integration of large amounts of renewable energy 
resources at a competitive cost in the power grid (in the 
U.S., 80% by 2050 per NREL).
– CA: 60% of electricity from renewables by 2030.
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the unique characteristics of renewable resources:
– Intermittency and variability 
– Susceptibility to violation of operational limits
– Lack of inertia and changes in ways to meet demand
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Problem

One of the grand energy challenges is to enable 
integration of large amounts of renewable energy 
resources at a competitive cost in the power grid (in the 
U.S., 80% by 2050 per NREL).
– CA: 60% of electricity from renewables by 2030.

What is missing is a flexible system that accommodates 
the unique characteristics of renewable resources:
– Intermittency and variability 
– Susceptibility to violation of operational limits
– Lack of inertia and changes in ways to meet demand

This work addresses the latter:
– How can we still achieve power sharing without mechanical 

inertia and without needing communication?

Presenter
Presentation Notes
So why are we doing this. Let’s take a step back. CA has an actual goal of doing 60% by 2030. 
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Inverters

Presenter
Presentation Notes
These changes also require changes in the mode of operation of converters. The terms are not standard and are relatively new, so minor difference may be seen in other defiitions. 
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Inverters

Inverters employed in the power system can operate in 
one of the two main modes of operation: grid-following 
or grid-forming—roughly equivalent to slave and master 
controllers in the microgrid terminology. 

Presenter
Presentation Notes
These changes also require changes in the mode of operation of converters. The terms are not standard and are relatively new, so minor difference may be seen in other defiitions. 
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Inverters

Inverters employed in the power system can operate in 
one of the two main modes of operation: grid-following 
or grid-forming—roughly equivalent to slave and master 
controllers in the microgrid terminology. 
Grid-following itself can be further divided into grid-
parallel or grid-supporting modes: 

Grid-parallel
Output power is agnostic 
to the grid conditions 
(nondispatchable such as 
PV or wind operating at 
MPP). Typically current 
source.
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Inverters

Inverters employed in the power system can operate in 
one of the two main modes of operation: grid-following 
or grid-forming—roughly equivalent to slave and master 
controllers in the microgrid terminology. 
Grid-following itself can be further divided into grid-
parallel or grid-supporting modes: 

Grid-parallel
Output power is agnostic 
to the grid conditions 
(nondispatchable such as 
PV or wind operating at 
MPP). Typically current 
source.

Grid-supporting
Dispatchable and responds 
to the grid commands, e.g., 
by changing its injected 
real power, to participate 
in power sharing. Can be 
voltage source.

Presenter
Presentation Notes
These changes also require changes in the mode of operation of converters. The terms are not standard and are relatively new, so minor difference may be seen in other defiitions. 
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Inverters
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Inverters

Grid-following units need a stiff grid voltage and 
frequency to synchronize to using a PLL.
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the grid voltage and frequency and is controlled as a 
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Inverters

Grid-following units need a stiff grid voltage and 
frequency to synchronize to using a PLL.

In contrast, a grid-forming unit establishes and controls 
the grid voltage and frequency and is controlled as a 
voltage source. 

How to achieve autonomous power sharing with this mix 
of inverters?
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Power Sharing: Existing Approaches

Good, old (frequency) droop:
– Based on a synchronous generator’s 

intrinsic relationship between 
power (generation/load mismatch) 
and frequency (rotor speed). 

– This power-frequency droop can 
also be adopted for an IDPS via 
converter controls emulating an SG. 

– European MIGRATE project uses the 
concept of threshold virtual 
impedance (TVI) to improve the 
transient behavior.

– Droop in general needs a secondary 
controller to bring the frequency 
back to nominal values. 

Presenter
Presentation Notes
Electrical power draw (load) from the machine increases? Frequency drops. Also allows power sharing by allocating power between units according to their droop coefficient. 
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1. Droop Control

Presenter
Presentation Notes
Therefore, in such systems, the relevance and importance of frequency is not well-understood or well-established. 
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1. Droop Control

The Good 
– Structurally simple
– Plug and play capability
– Based on local measurement
– No need for communication links

Presenter
Presentation Notes
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– Steady state frequency and voltage deviation subsequent to the 

changes in system loads. 
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1. Droop Control

The Good 
– Structurally simple
– Plug and play capability
– Based on local measurement
– No need for communication links

The Not So Good 
– Does not explicitly handle fast transients
– Steady state frequency and voltage deviation subsequent to the 

changes in system loads. 

In addition, in a 100% inverter-based system, the notion 
of frequency is relevant only for electrical quantities 
(rate of change of voltage angle), and there is no rotor to 
define mechanical frequency. 

Presenter
Presentation Notes
Therefore, in such systems, the relevance and importance of frequency is not well-understood or well-established. 
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2. Washout Filter-Based Power Sharing

M. Yazdanian and A. Mehrizi-Sani, “Washout filter-based power sharing,” IEEE Trans. Smart Grid, vol. 7, no. 2, pp. 967–968, Mar. 2016.

Presenter
Presentation Notes
If we start with the standard droop equations, we have for Pf and Vq
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2. Washout Filter-Based Power Sharing

Power sharing of inverters based on their frequency 
transients:

M. Yazdanian and A. Mehrizi-Sani, “Washout filter-based power sharing,” IEEE Trans. Smart Grid, vol. 7, no. 2, pp. 967–968, Mar. 2016.

Presenter
Presentation Notes
If we start with the standard droop equations, we have for Pf and Vq
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2. Washout Filter-Based Power Sharing

Power sharing of inverters based on their frequency 
transients:

By taking the derivative from both sides of the above 
equations with respect to time, we get

M. Yazdanian and A. Mehrizi-Sani, “Washout filter-based power sharing,” IEEE Trans. Smart Grid, vol. 7, no. 2, pp. 967–968, Mar. 2016.

Presenter
Presentation Notes
If we start with the standard droop equations, we have for Pf and Vq
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2. Washout Filter-Based Power Sharing

Power sharing of inverters based on their frequency 
transients:

By taking the derivative from both sides of the above 
equations with respect to time, we get

These equations ensure power sharing in the steady 
state, but they can not account for restoration of voltage 
and frequency.

M. Yazdanian and A. Mehrizi-Sani, “Washout filter-based power sharing,” IEEE Trans. Smart Grid, vol. 7, no. 2, pp. 967–968, Mar. 2016.

Presenter
Presentation Notes
If we start with the standard droop equations, we have for Pf and Vq
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Washout Filter-Based Power Sharing

Presenter
Presentation Notes
So we add 
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We add a factor of frequency deviation and voltage 
deviation to these equations:

Presenter
Presentation Notes
So we add 



45 of 42

Washout Filter-Based Power Sharing

We add a factor of frequency deviation and voltage 
deviation to these equations:

Presenter
Presentation Notes
So we add 



46 of 42

Washout Filter-Based Power Sharing

We add a factor of frequency deviation and voltage 
deviation to these equations:

Presenter
Presentation Notes
So we add 



47 of 42

Washout Filter-Based Power Sharing
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The derivative terms are zero in the steady state; voltage 
and frequency return to their nominal values. And
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deviation to these equations:
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Washout Filter-Based Power Sharing

We add a factor of frequency deviation and voltage 
deviation to these equations:

The derivative terms are zero in the steady state; voltage 
and frequency return to their nominal values. And

That is, we utilize a dynamic feedback based on a 
washout filter (a first-order high-pass filter): robust with 
respect to uncertainties. 

Presenter
Presentation Notes
So we add 



52 of 42

Results

Conventional Droop
Steady state deviation of frequency.

Washout Filter
Frequency restoration in 2 s.

Loads connect at t = 1.

Presenter
Presentation Notes
Let’s look at some results showing the dynamic response of the study system subsequent to load connection. In conventional droop, we do get power sharing but the frequencies and voltages deviation from their steady state values unless there is a secondary controller that activates to return them. In washout filter case, voltage and frequency do return to their original values as predicted by our equations.  A smaller value for mp  and nq decreases the deviations of the frequency and voltage during transients, and a larger value for kp  and kq  decreases the restoration time of the frequency and voltage, respectively. It should be noted that there is an inherent trade-off between decreasing the deviation of frequency and voltage from their nominal values and the stability of the system.
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3. Angle Droop
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3. Angle Droop

At the transmission level, with a high X/R ratio:
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That is, power can be controlled by changing the angles. 

To measure angles, we need
– A common clock, e.g., GPS, using a common frequency.
– Or communication and EMS.
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3. Angle Droop

At the transmission level, with a high X/R ratio:

That is, power can be controlled by changing the angles. 

To measure angles, we need
– A common clock, e.g., GPS, using a common frequency.
– Or communication and EMS.

No need to frequency restoration as when angles stop 
changing, the frequency (dδ/dt) is already back to its 
original value.
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Proposed Solution

Presenter
Presentation Notes
We assume each grid-supporting unit has a preferred real power set point P*gs  that depends on factors such as maximizing profit, required power reserve, available power, and possibly operator commands.
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Proposed Solution

Power sharing by 
adjusting the terminal 
voltage angles of the
generation units.

Presenter
Presentation Notes
We assume each grid-supporting unit has a preferred real power set point P*gs  that depends on factors such as maximizing profit, required power reserve, available power, and possibly operator commands.
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Proposed Solution

Power sharing by 
adjusting the terminal 
voltage angles of the
generation units.
This method allows the 
inverters to deviate from their locally determined (or 
preferred) set points to participate in real power
sharing when needed.

Presenter
Presentation Notes
We assume each grid-supporting unit has a preferred real power set point P*gs  that depends on factors such as maximizing profit, required power reserve, available power, and possibly operator commands.
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Proposed Solution

Power sharing by 
adjusting the terminal 
voltage angles of the
generation units.
This method allows the 
inverters to deviate from their locally determined (or 
preferred) set points to participate in real power
sharing when needed.
Features:
– Utilizing only local signals and without requiring wide-area 

communication during transients; 
– Explicitly considering current and real power limits of inverters; 
– Ability to control power contribution of each inverter.

Presenter
Presentation Notes
We assume each grid-supporting unit has a preferred real power set point P*gs  that depends on factors such as maximizing profit, required power reserve, available power, and possibly operator commands.
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Power Balance
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Power Balance

The modified power set point for each grid-supporting 
unit is calculated as 
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Power Balance

The modified power set point for each grid-supporting 
unit is calculated as 

The sum of changes should equal the difference between 
the total demand and power supplied by the grid-
forming units and preferred powers of the grid-
supporting units:

where 
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Angle Change

where D is the angle droop gain. With 
multiple grid-supporting units, D of each 
unit determines its power share.
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Angle Change

where D is the angle droop gain. With 
multiple grid-supporting units, D of each 
unit determines its power share.
The choice of δgs,max is a trade-off 
between power sharing accuracy based 
on D coefficients and the time it takes to 
reach the steady state. We will come back 
to this.
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Design Principles
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Principle 1: The power limits of all grid-forming and grid 
supporting units should be met.
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Design Principles

Principle 1: The power limits of all grid-forming and grid 
supporting units should be met.

Principle 2: The reference set points of grid-supporting 
units should not deviate from the preferred set points 
unless needed to meet power demand.
– Principle 2*: The algorithm should also be able to enable 

participation of grid-forming and grid-supporting units, 
irrespective of their preferred set points, in power sharing.
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Design Principles

Principle 1: The power limits of all grid-forming and grid 
supporting units should be met.

Principle 2: The reference set points of grid-supporting 
units should not deviate from the preferred set points 
unless needed to meet power demand.
– Principle 2*: The algorithm should also be able to enable 

participation of grid-forming and grid-supporting units, 
irrespective of their preferred set points, in power sharing.

Principle 3: The share of grid-supporting units in power 
sharing should be based on their droop characteristic.
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Large Grid-Forming Unit?

If the grid-forming unit is large enough, the grid-
supporting units continue to inject their preferred real 
power values P*

gs,i.
In this case, the grid-forming unit’s voltage angle δgf(t) is 
maintained at zero, and the angles δgs,i(t) of the grid-
supporting units are changed in a ramp at rate C1 until 
Pgs,i(t) reaches P*

gs,i.

Presenter
Presentation Notes
That is, no power sharing. If powers are already at the set points, even better. No need to do anything.
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Limited GF? GS Shares Power

Big grid-forming inverter Limited grid-forming inverter
GS ramps its angle at C1 to meet Pgs;
GF monitors its power to make sure it 
doesn’t exceed the limit.
If it does, it also changes its angle at 
rate C2

C2 > C1
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Generalized Controls

Grid-forming unit

Grid-supporting unit

Presenter
Presentation Notes
 Fig. 8 shows the overall real power sharing algorithmgeneralized to multiple grid-supporting units. The hysteresisband in prevents interference of the power limiting and anglecontrol features of the grid-forming unit. A bandwidth toolarge has allows jPgf(t)j  to exceed Pgf,max ; a bandwidth toosmall may result in system instability due to frequent changesin the control mode. Therefore, the bandwidth should bechosen as a modest fraction of Pgf,max , e.g., 1%.
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Study System

IEEE/WSCC 9-bus system

• GF2
• GS1, GS3
• Constant-impedance  loads
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System Parameters
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Case Study I: Step Change in Pgs and Vgs

At t = 0.3 s, P*gs,3 increases in a step from 85 to 120 (35 MW), and at t = 1.3 s, V*gs,1 increases in a step by 0.014 pu. Same loads.

Pgs,3 settling time = 150 ms (inversely proportional to C1); Pgf decreases to maintain power balance.
Vgs,1 settling time = 50 ms.
f returns to its rated value (60 Hz) in the steady state.

Presenter
Presentation Notes
In this case study, initially the grid-supporting units output their preferred real powers.  At t = 0:3  s, Pgs,3  increases in a  step by 35  MW, and at t = 1:3  s, vgs,1j  increases in a step by0:014  pu. The loads do not change.We are showing voltage, current, real power, and frequency at buses 1–3. Pgs,3(t)  tracks its set point P gs,3  with a settiling time of 150  ms (inversely proportional to C1) and vgs,1(t) tracks its set point with a settiling time of 50  ms. During transients,the current magnitudes change smoothly. Because the load is unchanged, after the increase in Pgs,3(t) , Pgf(t)  decreases to maintain power balance. The system frequency returns to its rated value (60  Hz) in the steady state
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VSC Modeling and Control

Voltage Regulator and Current Limiter

VSC Model

R L

vt vsi
+

VDC

-

VSC

Filter
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Case Study II: Load Increase

Large grid-forming unit
t = 1: load picked up by gf.
t = 3: load picked up by gf.

Load at bus 6 increases by 15 MW at t = 1 s and the load at bus 5 increases by 80 MW at t = 3 s.
Small grid-forming unit
t = 1: load picked up by gf.
t = 3: shared (48, 23 MW) by 
inverters based on D ratios (=2)

Presenter
Presentation Notes
 In this case study, initially the system runs in the steady state. This scenario is simulated once assuming the grid-forming unit can accommodate the whole load change (Pgf,max  is large) and once when it can not. In both cases, the first load increase is supported byan increase in Pgf(t)  because jPgf(t)j < Pgf,max . However, the two systems respond differently to the second load increase. In the system with the large grid-forming unit, the load increase is supported by an increase in Pgf(t)  and inthe steady state, Pgf = 264  MW. In the system with the small grid-forming unit, the load increase is initially responded to by an increase in Pgf(t)  until Pgf(t) = Pgf,max . Then, Pgs,1(t) and Pgs,3(t)  ramp up. It takes approximately 1.5 s for the gridsupporting units to reach their new reference power set points.gs,1 = 48  MW and Pgs,1 = 23  MW. The ratio Pgs,1/Pgs,3  is 2.09, which is very close to the ratio D1=D3 = 2:00  (4.5% error). F = 60 Hz
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Case Study III: Dynamic Loads

IM1 at bus 6 (15 MW; t = 1 s) and IM2 at bus 5 (80 MW, t = 3 s).

GF provides power for IM1. GS units need to pitch in for IM2.

Presenter
Presentation Notes
 The grid-forming unit provides the power needed by IM1 without exceeding its real power limit. However, loading of IM2 needs power to be provided by the grid-supporting unit and hence, results in increase of Pgs,1(t)  and Pgs,3(t) .During start-up, the rotor speeds of the IMs are smooth, but their electromagnetic torques oscillate. Subsequently, their real powers (product of electromagnetic torque and rotor speed) oscillate too, resulting in small oscillations in the voltage and
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Case Study IV: Power Redispatch

Pgf is initially 170 
MW. 
At t = 2, Pgf,max
reduces from 192 
MW to 120 MW. 
The load needs to 
now be supplied by 
GS units. 
They increase by 33 
MW and 17 MW 
(ratio almost 2).

Presenter
Presentation Notes
 In this case study, initially the grid-supporting units outputtheir preferred real powers and the grid supporting unit provides170 MW. At t = 2  s, Pgf,max  decreases from 192 MWto 120 MW. Subsequently, a portion of the load initiallysupplied by the grid-forming unit has to be provided by thegrid-supporting units.
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Case Study V: Fault

With current limiter (not protection!)
imax = 1.8 pu

0.2 pu < V < 1.1 pu

Without current limiter
imax = 4.8 pu
0.5 pu < V < 2.0 pu

Presenter
Presentation Notes
 This case study evaluates the system response to a fault. Initially, the system operates at nominal conditions when a three-phase bolted fault occurs at t = 1:0  s in the middle of one of the double transmission lines between buses 4 and 5 (this second line is added for this case study). After 100 ms, the fault is cleared by the circuit breakers at the two ends of the line. The current  limiting function of the controller activates when the current reaches the threshold value (Table I). This threshold in general depends on the rating of the switches (with respect to the inverter rating), cooling mechanism, and system considerations. The limiter is clearly not a replacement for protection or the current limitation provided by limiting the reference current values.
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Parameter Design: Droop Di
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Parameter Design: Droop Di

If Pgs-total-change = 0 (i.e., GF is 
large), 𝛿𝛿gf = 0 and voltage 
vectors cluster around it.
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Parameter Design: Droop Di

If Pgs-total-change = 0 (i.e., GF is 
large), 𝛿𝛿gf = 0 and voltage 
vectors cluster around it.
Otherwise, they cluster around 
a hypothetical average vector. If 
Di values are small, 𝛿𝛿 are large
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Parameter Design: Droop Di

If Pgs-total-change = 0 (i.e., GF is 
large), 𝛿𝛿gf = 0 and voltage 
vectors cluster around it.
Otherwise, they cluster around 
a hypothetical average vector. If 
Di values are small, 𝛿𝛿 are large

And
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Parameter Design: Droop Di

If Pgs-total-change = 0 (i.e., GF is 
large), 𝛿𝛿gf = 0 and voltage 
vectors cluster around it.
Otherwise, they cluster around 
a hypothetical average vector. If 
Di values are small, 𝛿𝛿 are large

And

That is, the real power change is 
proportional to Di .
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What We Haven’t (Systematically) Done (Yet)

How About Inverter-Dominated Systems?
– Say, 90% inverters and 10% synchronous generators
– We have done case studies.
– SG = 33 MVA
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A: Load Increase  ……………………….

Load at bus 6 
increases by 20 MW 
at t = 2 s, and the 
load at bus 5 
increases by 70 MW 
at t = 4 s.
The first increase is 
picked up by GF. 
Second is shared by 
GS units. SG does not 
participate in power 
sharing.
f and V are restored. 
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Case Study B: Fault
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Case Study C: Power Dispatch

The set points for 
grid-supporting units 
change.
– GS1: 72 to 97 MW
– GS2: 85 to 120 MW

The grid-forming 
unit adjusts its 
power accordingly. 
– GF: 142 to 82 MW
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Conclusions

Presenter
Presentation Notes
The main conclusion of this work is that by appropriately designing the trajectory, it is possible for a power system to operate closer to its limits---a trend that is necessitated by the increase in the power demand.====Effective response shaping is possible through the SPAACE method, which reduces the overshoot and/or settling time of the system in response to a disturbance.Employing SPAA permits the controlled unit to undergo a large change in its set point.
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Conclusions

We discussed an algorithm for constant-frequency 
power sharing in a 100% (and 90%) inverter-based 
transmission system. 

Presenter
Presentation Notes
The main conclusion of this work is that by appropriately designing the trajectory, it is possible for a power system to operate closer to its limits---a trend that is necessitated by the increase in the power demand.====Effective response shaping is possible through the SPAACE method, which reduces the overshoot and/or settling time of the system in response to a disturbance.Employing SPAA permits the controlled unit to undergo a large change in its set point.
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Conclusions

We discussed an algorithm for constant-frequency 
power sharing in a 100% (and 90%) inverter-based 
transmission system. 
The proposed algorithm employs an angle droop 
method, but it does not need central coordination or 
communication except for availability of a GPS signal. 
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Presentation Notes
The main conclusion of this work is that by appropriately designing the trajectory, it is possible for a power system to operate closer to its limits---a trend that is necessitated by the increase in the power demand.====Effective response shaping is possible through the SPAACE method, which reduces the overshoot and/or settling time of the system in response to a disturbance.Employing SPAA permits the controlled unit to undergo a large change in its set point.
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Conclusions

We discussed an algorithm for constant-frequency 
power sharing in a 100% (and 90%) inverter-based 
transmission system. 
The proposed algorithm employs an angle droop 
method, but it does not need central coordination or 
communication except for availability of a GPS signal. 
The proposed algorithm takes into consideration the 
current and real power limit of inverters and generation 
sources and respects their preferred set points as much 
as possible. 

Presenter
Presentation Notes
The main conclusion of this work is that by appropriately designing the trajectory, it is possible for a power system to operate closer to its limits---a trend that is necessitated by the increase in the power demand.====Effective response shaping is possible through the SPAACE method, which reduces the overshoot and/or settling time of the system in response to a disturbance.Employing SPAA permits the controlled unit to undergo a large change in its set point.
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Conclusions

We discussed an algorithm for constant-frequency 
power sharing in a 100% (and 90%) inverter-based 
transmission system. 
The proposed algorithm employs an angle droop 
method, but it does not need central coordination or 
communication except for availability of a GPS signal. 
The proposed algorithm takes into consideration the 
current and real power limit of inverters and generation 
sources and respects their preferred set points as much 
as possible. 
Simulation results demonstrate the effectiveness of the 
proposed algorithm in different scenarios.

Presenter
Presentation Notes
The main conclusion of this work is that by appropriately designing the trajectory, it is possible for a power system to operate closer to its limits---a trend that is necessitated by the increase in the power demand.====Effective response shaping is possible through the SPAACE method, which reduces the overshoot and/or settling time of the system in response to a disturbance.Employing SPAA permits the controlled unit to undergo a large change in its set point.
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Evolution of the IEEE 1547 Standard

In response to disturbances, DISTRIBUTED ERs should
2003: Disconnect
– Low penetration case

2015: Ride through

2018: Provide support 
– “Smart” inverter (the “smart” trend: grid, home, phone, appliance)

– Smart inverters at minimum should have the following features: 
voltage ride-through, frequency ride-through, voltage support, 
frequency support, and start-up ramp rates. Other features are 
power quality, fault behavior and islanding, and communications. 

B. Enayati et al., “Impact of IEEE 1547 Standard on Smart Inverters,” IEEE PES-TR67, May 2018.

Or “thoughtful”?

Presenter
Presentation Notes
The needs are changing so are standards. For example 1547 got a make over this year in 2018. For example, in response to disturbances, the first version in 2003 simply wanted the DERs to disconnect. A revision in 2015 needed them to ride through the disturbance, and the 2018 now wants the inverters to provide support. There is also the notion of smart inverter, which is probably more like “thoughtful” inverter. They provide voltage support by injecting reactive power or frequency support by injecting real power and have certain start-up ramp rates. Now just to mention, these functionalities are not very difficult to implement in converters and they already exist at the transmission level. In fact, many already have them (somewhere buried in some 20,000 lines of code they have). The figure shows a converter with voltage support (as voltage drops, injects reactive power) and one without. The voltage drop is only 6% vs 20% with 20% Q.The new IEEE 1547‐2018 will include dynamic voltage support by means of supplying or absorbing reactive powerduring under‐voltage and over‐voltage events, respectively. This is to support and stabilize the local voltage. Figure 3shows a smart inverter reactive voltage support during under‐voltages. It shows how the smart inverter startssupporting the system voltage (VSYSTEM) when the voltage starts decreasing at the 5 seconds time‐mark by injectingreactive power (QINVERTER). Notice that when the Volt/VAR is off (Q(Volt/VAR OFF)) the system voltage decreases muchlower than when the Volt/VAR is on (Q(Volt/VAR ON)).
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