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Grid Frequency Control

nationalgrid
Frequency Standards

Hz

L Statutory

/ } Operational limits limits

Excursions outside statutory limits are
infrequent and less than 60s each.

Excursions outside operational limits
are less than 15m each and less than
250 hoursl/year in total.

Frequency Response —>| ----------------------------------- |<-
(FR)
Frequency Restoration —>= Hd—

(RR)

Sources:
https://www.nationalgrideso.com/sites/eso/files/documents/Faster%20Acting%20Response%20Workshop%20%282018-07%29.pdf

https://www.sintef.no/en/projects/pribas-pricing-balancing-services-in-the-future-no/




Decarbonisation




Time Horizon Value

100

Replacement Reserve
» Assuming electricity markets are -
[«}]
discovering value; fast response times 1 2
Balancing £
are more valuable at longer lead times, E
especially in weaker grids. 'f,
1 €
. . -15 - -5 0 g.
» Due to ramping speeds, the auction for ]
Ping sp FFR Secondary 3
products with slow response times is
FFR Primary
more saturated. 0.1

Offer Lead Time [hours]




Future of Offshore Wind S




Future of Offshore Wind S




Time Horizon Value
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Wind Power Trading

» Electricity Forward Agreement (EFA) day o |
- e Hourly Mean Power
is 11pm to 11pm
» Energy contracts in Megawatt Hours
(MWH) g S
5 <
> Contracts traded for EFA blocks of 4 e
hours or individual hours. N
» Day Ahead, Intraday and Balancing =
Markets. 00:00 05:00 10:00 15:00 20:00

UTC (hour:min)
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Wind Power Trading

» Price per MWH reflects uncertainty in 24 e Hourly Mean Power
generation and demand up until gate -
closure (T-1 hours), balancing market ”
mops up the remaining uncertainty and E S
distributes fines to recoup running costs % =
» Balancing mechanism dispatches in o
power (MW) but remunerates in )
energy (MWH). S 1

T T T T T
00:00 05:00 10:00 15:00 20:00
UTC (hour:min)
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Sum of FR offer volumes divided by sum of hourly minimum powers =mm Frequency Response Capacity Factor
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EFA4§

» Respond by lowering power output 2 | e« Instataneous Power
=== Hourly Minimum Power
L Hourly Maximum Power
» Full response within 10 seconds S

» Triggered automatically at grid

frequency threshold

Power (PU)

» Sustain response until end of

contract period.

» Proxy for all FR service capability.

T T T = -I T
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Forecasting Task Parameters S

: EFA4:
» Forecast hourly minimum power 2 | e |nstataneous Power : -
) e=== Hourly Minimum Power : .
OUtpUt of wind farm o | Hourly Maximum Power .
> Use 24-48 horizon wind speed e
2 S
forecasts as input P
g <
0O o
» Quantify reliability / accuracy b :
» Seek to maximise forecast ° : -
sharpness subject to reliability. 5 :

T T T T
00:00 05:00 10:00 15:00 20:00
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Benchmark — Day Ahead Energy S

» Standard day ahead forecast _ ) ° e fiop
method in wind energy trading ; S © ©
> Splme pomt forecast. 8 ° % + Forecast Wind Speed Power Curve
s < + 5Spline Model Power Forecast
(] e
> Spline fitted with parameter grid §> .
search and k fold cross validation. E S <5 o
» Spline fitting implemented in R S 1 : : : : |

Wind Speed Forecast Average (m/s)



Benchmark — FR Offer Algorithm =&

» Spline forecast of mean —
Parameters: x1 and x2

equivalent to calibrated power

+ Forecast Wind Speed Power Curve
+ Spline Model Power Forecast

curve; the industry standard for

50 100 150 200 250 300
8

day ahead forecasting.

0
|

Whitelee 1 Hourly Mean Power (MW)

» Estimate of minimum power

Wind Speed Forecast Average (m/s)

derived from risk based algorithm
applied to mean power forecast. No
» Algorithm based on time invariant

estimate of 1) day ahead energy

forecast error and 2) hourly power

variance
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Benchmark - Example S

1.0

» Hourly mean and minimum power

0.8

with day ahead spline forecast of

mean power § < —— Mean Power
= —— Min Power
> x1=0.66 s Spline Forecast
L o —— FR Offer Volume
> x2=0.2

» Red line shows result of algorithm
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Benchmark — Offer Strategies

- Frequency Response

Day Ahead
Y - Day Ahead Market
- Intra Day Market
T-1h
ours [ ] Balancing Market
» Potential assignments for wind o
power at 24 hours ahead:
[+u]
> Day Ahead wholesale energy o
» Frequency Restoration Reserve g g Mean Power
> Frequency Response = g;:?irl:::;srrecast
=
3 — FR Offer Volume
» Leave for later:
» Intra Day g
» Balancing Market o
» Restoration Reserve e | |
Thu Fn
Time (days)

Constraints: forecast uncertainty, forecast imbalance price,
forecast day ahead price, frequency service auction strike prices.
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Gradient Boosted Machines (GBM) g

10

» Large input dimension machine learning

08
|

technique.

086
|

— Nominal
—— Empirical

1. Separate decision trees are fitted to

04

Empirical Quantiles

02
|

target using each input.

T 1 T T 1 T
0.0 02 04 06 0.8 1.0

2. Best performing decision tree

Nominal Quantiles

selected.

3. Residuals of best tree become new

target to which all inputs are applied.

o— 9 ——o

Pinball Loss {MWY)

> Boosted model is weighted sum of oy N

consecutive descion trees. o

Nominal Quantile




GBM Performance and Comparison oz

» During optimization, pinball loss and *§ -
L
CRPS scores are used alongside 2 o Bid 1
L @ Bid 2
reliability plots. S o | Bid3 * ghm_pred_1
% T Bid 4 gbm_pred_2
» As a measure of comparing forecast @ Bid 5 gbm_pred 3
_ _ o : gbm_pred_4
effectiveness, the FRCF is plotted % o | ° glg ? + gbm_pred 5
. L : x © |© Bl + gbm_pred_6
with reliability alongside he > o Bid 8 ..
benchmark. E © Bid9 ©
o (] %
2 o
™ | | |
0.8 0.9 0.95 1
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Forecast Interactions
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1.0

» Multiple forecast targets at day ahead.

» Varying forecast skill

06
I

e-quantiles (power cdf, 1 hour)

» Combining forecasts should improve Energy
aggregate accuracy and situational )
awareness for offer strategies S
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[

I I I I
00 02 04 06 08 1.0

Power (p.u.)




[RETo
RO -2

Universityo - ® ..
Strathclyde
Glasgow

Leo May

PhD Student

Wind Power Forecasting for
Grid Frequency Control

leo.may@strath.ac.uk




	Forecasting Wind Power As A Dispatchable �	Generation Source for Grid Frequency Control
	Grid Frequency Control
	Decarbonisation 
	Time Horizon Value
	Future of Offshore Wind
	Future of Offshore Wind
	Time Horizon Value
	Time Horizon Value
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Wind Power Trading
	Firm Frequency Response – high
	Forecasting Task Parameters
	Benchmark – Day Ahead Energy
	Benchmark – FR Offer Algorithm
	Benchmark - Example
	Benchmark – Offer Strategies
	Benchmark - Optimization
	Benchmark - Optimization
	Quantile Forecast of �Minimum Power
	Quantile Forecast of �Minimum Power
	Gradient Boosted Machines (GBM)
	GBM Performance and Comparison
	Forecast Interactions 
	Forecast Interactions 
	Forecast Interactions 
	Leo May

