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High Renewable Penetrated Grid Requires

WECC
5% PV, 15% Wind

Renewable Penetration
(20%, 40%, 60%, 80%)

Fast Frequency Response

5.00
4.00
—3.00
T 2.00
1.00
0.00

System Equivalent Inertia

20%
e, 3.40 Case
g
..... 2_31 Case
ase ..
Case ."'.. 0.92 Case
o
0% 20% 40% 60% 80% 100%

Renewable Penetration Level

0%

Headroom of the on-line units with

governor
Case
40%
Case
ol 60%
-

Case

20% 40% 60% 80%
Renewable Penetration Level

2.6GW Contingency

o
© )
© <)

a
©
©

Frequency/Hz
n
©
o

o

©

13
T

o
©
~
T T T T
-
= ‘_____———

I3
©
~

Frequency Nadir

Base case
———20% Renewable
——40% Renewable

——80% Renewable

59.2 : : :
0 2 4 6 8 10
Time/s

12

|
14

NREL | 3

~———60% Renewable | |




What is Fast Frequency Response?

RoCoF & f proportional

* Different technologies can have different forms of Fast frequency response (FFR)
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Characteristics of Fast Frequency Response

 3H - How fast, How much and How long?

Key features of the fast frequency response (FFR) trajectory Four factors
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Start with a Simple Test System

and a Generalized form of FFR
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X. Cui, S. Dong, A. Hoke and J. Tan, "A Unified Metric for Fast Frequency Response in Low-Inertia Power Systems," 2023 IEEE Power & Energy Society Innovative Smart Grid Technologies Conference (ISGT),

Washington, DC, USA, 2023, pp. 1-5, doi: 10.1109/ISGT51731.2023.10066382.
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Impact of Key Fast Frequency Response Factors

(Con’t)

0.58 * Fast response always significantly increases
60 the nadir.

> *  If Tyeiay < 0.25, the nadir is not sensitive to

the response speed anymore.

* The faster, the better.
20 25 30 35 40 20 25 30 35 40 ) NO need to be Super fast.

Time (s) Time (s)

| Impactof Magnitude of Response 11 -

e
n
)

uency (Hz)

2 59.6

=594

FFR of IBR (pu)
>
i
'y

e
n
)

= 592

0.5

0.6 60.2 * High response magnitude decreases the RoCoF
over frequency

R
n
&

and increases the nadir.

e Excessively high response magnitude can even
cause over frequency and exacerbate the
“secondary hazard”.
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Impact of Key Fast Frequency Response Factors

Findings
* Sustaining time doesn’t affect the RoCoF.
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Analytical Prediction of Frequency Nadir

Step FFR w
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Proposed analytically predict the frequency nadir

pﬁ‘/_ :P‘___ / _PI/ Afnadir as follows

t; t, Tmels] & t, Tmels] ¢ ¢, Time]s] P..— AP T R;1Me(a—¢-m)cos ¢
Step response Pgrq Ramp signal 1 Ramp signal 2 ﬁ Afnadir = SuDS R_l(iad 99 3/2°
z + g (tz - tl)(DZ + Rg_l)
P ! ( ), P H i
iz =~ — (= fu) Pifes = —Hior 3 where Pyys, APioaq, Dy, Ry, Ty, M, t, 1, t, and ¢

depend on system parameters.

Shuan Dong, Xin Fang, Jin Tan, Ningchao Gao, Xiaofan Cui, and Anderson Hoke, “A Unified Analytical Method to Quantify Three Types of Fast Frequency Response from Inverter-
based Resources,” in Proc. of 22nd Wind & Solar Integration Workshop 2023, Copenhagen, Denmark, Sep. 2023. NREL | 9



Application I:

Fast Frequency Nadir Prediction for Real-time Operation
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Shuan Dong, Xin Fang, Jin Tan, Ningchao Gao, Xiaofan Cui, and Anderson Hoke, “A Unified Analytical Method to Quantify Three Types of Fast Frequency Response from Inverter-
based Resources,” in Proc. of 22nd Wind & Solar Integration Workshop 2023, Copenhagen, Denmark, Sep. 2023. NREL | 10



Application Il:

Develop Stability Constraints in Scheduling

Question: How to utilize fast frequency
response capabilities from IBRs?

* Fast Frequency Reserve

* Frequency-nadir Stability Constraints

Challenges:
 How to apply the analytical method to a
real large-scale system? How accurate it is?

o Different types of SG governors (TGOV1, 55941 S I
=592 59.2 1 o S ™,
and GGOV1) 3 - e
. < 590 L
o The response time of IBRs 25881 8] SeLamre
o Alinearized constraint between key £ A L T
H 584 === Analytic Frequency Prediction Metho 58.4 1 ' te e .
parameters needs to be discovered. 1 e . .
0 50 100 150 200 250 300 =01 0.0 01
Economic dispatch interval(5mins) Difference(Hz)

NREL | 11



Application Il:

Verification of Proposed Constraint in Island Power Systems

Test system: A real island power system with a 70% renewable energy penetration level.
Scenarios: One-year test with and without stability constraints in the optimal scheduling model

under the largest N-1 generation trip event. ()
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With the proposed frequency stability constraint, 98% of the system's frequency nadir is above 59.0 Hz.

Ningchao Gao, Shuan Dong, Xin Fang, Andy Hoke, David Wenzhong Gao, and Jin Tan, “Developing Frequency Stability Constraint for Unit Commitment Problem Considering High
Penetration of Renewables” presented at 2023 IEEE 50th Photovoltaic Specialists Conference (PVSC). NREL | 12



FFR quantifications: IBR v.s. SGs

Increase SG inertia from 1 s to 6 s and plot the required FFR1, FFR2, and FFR3 IBR as well as SG
capacity of achieving 59.5 Hz nadir.

« Step FFR (FFR1): reaction time 0.02 s and ramp-up time 0.05 s.

* Proportional FFR (FFR2): IBR P/f droop is 3%.

* Derivative FFR (FFR3): IBR inertia is 6 s.
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SG inertia constant s service. NREL | 13



Concluding Remarks

* Needs for Fast Frequency Response have been growing along with the high renewable
integration. Various types of FFR bring challenges for FFR quantification.

* We developed a fast and accurate method to analytically predict post-disturbance
frequency nadir in power systems with both SGs and IBRs. All three major types of FFR from
IBRs are fully considered in our improved system frequency response (SFR) model.

* The proposed FFR quantification method can be used for
* Prediction of frequency nadir in real-time operation or planning study.
* Developing stability constraints in the scheduling model to ensure sufficient FFR resources online.

Compelling future directions:

* More types of FFR will be added further, such as grid-forming inverters’ responses (Droop-
based, virtual synchronous machine, etc.).

* Evaluation of FFR capacity adequacy from IBRs in planning study.

* Application of frequency nadir prediction method in real-time power system security
monitoring.
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