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Presentation Outline
ü Ramp -Rate Limitation (RRL) as an Ancillary Service (AS) ð

Preventive action towards the commitment of FCR and FRR in

weak and stiff networks .

ü RRLGrid Codes and Need for proper Definition

ü The EASY-RESapproach for RRLat DRESand distribution grid level

using Ultracapacitors and Battery ESS.

V Experimental Results

V Comparison with State -of -the art power smoothing control

approaches and Energy Storage System (ESS) sizing via

simulations

V RRLactivation
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Variability of Wind and PV Power 

Å Renewable Energy Sources (RES) like the

PVs or Wind Turbines depend on primary

energy sources (renewable òfueló: sun,

wind), which are highly variable, due to

their stochastic nature .

Å Thiscauses intermittent RESproduction .

Å Both Wind and PV power are variable (or

non -dispatchable) because they are

available not upon demand, but upon

natural and uncontrollable forces .

Å Both of them have LOW capacity value .
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Variability of Wind and PV Power 

Å Currently, due to new

forecasting models, wind

generation and solar PV

generation can be

predicted with really good

accuracy .

Å However, predictable

variation is stillévariable é

posing several instability

issuesto the electric power

systems.
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Figure: Impact of net load from increased use of renewable energy [1]
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Variability of Wind and PV Power 

Å The increased RES

intermittency (variability)

and the decrease of the

base load lead the System

Operators to commit

conventional rotating

resources in their systems

and greater investment in

flexible ramping resources

is required
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Figure: Impact of net load from increased use of renewable energy [1]
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Why is RRL needed ?
Å The intermittent RES with high, unpredicted short-term ramp rates can

become more ògrid-friendlyóby providing òflexiblerampingó.

Å Ramp Ups can be easily mitigated by RESwith Active Power Curtailment .

Thisis undesired é due to revenue loss.

Å A system consisting of an intermittent RESand an Energy Storage System

(ESS)can provide flexible ramping : based on the RES+ESSsize, the injected

grid power can increase or decrease with a specific predefined ramp -rate
Ą provide flexible ramping!

Å Such systems do not only provide flexible ramping é The ESSaction can

eliminate any day -ahead or intra -day forecast error of the RESgeneration!

Å Why is this important? é The load and RESvariability affects the day -ahead

scheduling of FCRand FRR(especially aFRR)
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Why is RRL needed ?

The TSOs in each

country schedule the

committed FCR and

FRR for the day -ahead

and in some countries

within the day (intra -

day ).
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Figure: Activation of operating reserves after a 
frequency disturbance, [3]
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Why is RRL needed ?

In cases of high RoCoFs, the FCR committed units take action ,

leading the frequency to stabilize to a value higher or lower than

the nominal frequency .
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Figure : Schematic overview of the activation of operating 
reserves, [2]
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FRR is distinguished in automatic ( aFRR) 

and manually ( mFRR) activated. The 

mixture of aFRR/ mFRRis determined by 

each TSO for his control area/block so 

that the frequency quality criteria are 

fulfilled. 

After a major frequency event , the

FRRnot only restores the frequency

within the restoration range but also

restores the FCR that have

exhausted and finally restores the

cross-border power flows of the

relevant control area to its pre -fault

values .

This is depicted in the two terms of

the ACE.

ὃὅὉ ɝ0ȟ ‍ɇɝÆ
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RRL in Stiff Networks
ÅIn stiff transmission systems, the equivalent

system inertia (Part 1) is large, hence , a

power imbalance ǤP between generation
and demand, as well as short-term (in terms

of 5-10 seconds ) variations of RES hardly

affect the global frequency and the RoCoF.

ÅIn emergency conditions FCR units are

needed to support the stiff networks
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ÅFRRunits are committed to reduce the error between the nominal frequency

and the new stable frequency . The units which take action first are the aFRR

committed units (with flexible ramping ) within 30 seconds .

ÅHowever , high RoCoFs and huge disturbances are rare within stiff networks é
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During steady -state operation within a

synchronous area, ɝÆis practically zero.

Therefore, the ACE (thereby the FRR)has

to do with the restoration of the power

interchanges among areas to

predefined and agreed values .

The power interchanges deviate due to

errors in forecasting of

Å Load

Å Power generated by RES

and also, by probable faults like loss of a

local generating unit, or of a tie line.

ὃὅὉ ɝ0ȟ ‍ɇɝÆ

aFRRis used to deal with the 

fast variations in the scheduled 

load/generation

mFRR is used to deal with the

slower variations in the scheduled

load/generation
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RRL in Stiff Networks
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Roughness* of the 

load variation 

which is supplied 
by the aFRR[3] 

Figure: Real Variation Of Load Demand, [3] 

*The term "roughness" describes the continuous random load variation that resembles white noise

Å The usual case is that low

RoCoFs happen every day

and there are small

oscillations around the

nominal frequency , due to

errors in the short-term

forecast .

Å These short-term variations

usually activate the aFRR

units, which are more

expensive than mFRR.
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ÅBy having a coordinated RES+ESSRRL

control action , the flexible ramping

generation is assured while any short-

term forecast error can be easily

mitigated !

ÅIn this way , short-term frequency

oscillations and the aFRR activation
can be avoided Ą

ÅThisin turn would lead to fewer costs

in the scheduling for the

conventional unit commitment .

RRL in Stiff Networks
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RRL in Weak Networks

ÅWeak systems suffer from low equivalent system inertia (Part

1) and a power imbalance ǤP between load and generation

or an error in the RES forecast together with the high

penetration of intermittent RESwith high dP/ dt could cause

large frequency disturbances ðhigh RoCoF

ÅIn turn, cause huge commitment of both FCR and FRR Ą

FCR in order to avoid large RoCoFs in the short-term

mismatch forecast errors

ÅThis is why it is an already established requirement for the

installation of new RESplants
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RRL in Weak Networks - Examples

ÅPuerto Rico has set the Minimum

Technical Requirements (MTR) [4]

ÅEirGrid and SONI (Irish TSOs) have also
defined RRL in their mutual

interconnections [5]
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RRL in the Grid Codes and Identified Gaps
System Operators : Specifications for the limitation of the

Ramp -Rate (RR) at the Point of Common Coupling (PCC)

of the DRESwith the grid

üfor DRESwith nominal Power >1MW

üEspecially in weak TransmissionSystems

Identified Gaps :

o currently only ramp -ups can be mitigated efficiently by

individual RESplants (without ESS)by performing Active

Power Curtailment

o there is no unified definition of RR considering either the

time -interval Ўὸor the power variation Ўὖ, [6]

o No specifications for RESwith nominal power below 1MW

Ą The RRLimitation (RRL)is currently vague at distribution

level, [6]

RRL: Grid Codes and Definition
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[6] EASY-RESDeliverable 1.1; Available online :
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State -of -the -Art RRL Definitions 1

RRL Definitions
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Key

Characteristics :

VDirection :

upward and

downward

VMagnitude

VDuration Ą

Need for the

proper definition

of past and

current instants
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State -of -the -Art RRL Definitions 2 [7]

RRL Definitions
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Definition 1: difference between
two endpoints of a Ўὸ
interval (typical values 1 minute
or 10 minutes)

Definition 2: difference between the maximum and minimum values within a
Ўὸ interval
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State -of -the -Art RRL Definitions 3 [7]

RRL Definitions
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Definition 3: difference between two successive measurements (instants Ўὸ)
ðusually 1 second
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RRL Definitions 4 - Example

RRL Definitions
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Figure: Daily PV Profiles of a 6.5kWp PVPP, [8] 
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RRL Definitions 5 ðExample Cloudy Day

RRL Definitions
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RRL Definitions 7 ðExample Clear Day

RRL Definitions
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RRL Definitions 8 ðExample Wind Turbine

RRL Definitions
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State -of -the -Art RRL Control Methods 1

RRL Control Categories : 

RRL is performed considering that

the DRES is connected to an

Energy Storage System (ESS), [7]-

[10]:

oMoving Average (MA) Methods

oFilter-Based (FB) Methods, e.g .,

Low-PassFilter, Band -PassFilter

oDirect RRLMethods

RRL Control Methods

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS



//

State -of -the -Art RRL Control Methods 2

RRL Control Categories : 

RRL is performed considering that

the DRES is connected to an

Energy Storage System (ESS), [7]-

[10]:

oMoving Average (MA) Methods

oFilter-Based (FB) Methods, e.g .,

Low-PassFilter, Band -PassFilter

oDirect RRLMethods

Disadvantages ðMA &FB

ühigh computational complexity

üexhibition of ``memory effect''

and oversmoothing

o the ESS is forced to operate

even when the DRES RR is

within specific limits

o Increased ESScapacity

o Decreased ESSoperating life

RRL Control Methods
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State -of -the -Art RRL Control Methods 3

RRL Control Categories : 

RRL is performed considering that

the DRES is connected to an

Energy Storage System (ESS) [7]-

[10]:

oMoving Average (MA) Methods

oFilter-Based (FB) Methods, e.g .,

Low-PassFilter, Band -PassFilter

oDirect RRLMethods

Gaps in the RRL approaches

üBESSwith slower dynamics Ą not

suitable for high -frequency

fluctuations at DRESlevel

üThe State -of -Charge (SoC) is

taken into account a -posteriori

o do not guarantee that RR can

be limited exactly to the

prescribed level ;

o new RRL techniques should be

developed to reduce the

significant RRsat specific values

RRL Control Methods
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EASY-RES RRL Concept
EASY-RES Approach
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RRL is defined at DRES and substation level

ü At DRESlevel the UVSG limits the ramp rate of the DRESpower using as a Fast-acting ESS

(FSS)a Ultracapacitor . The FSSis placed at the DC-link of a DRESconverter . The initial

target RRLis

Can this be 

achieved 

without 

exceeding 

10% of the 

total cost of 

the DRES??
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EASY-RES RRL Concept
EASY-RES Approach
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RRL is defined at DRES and substation level

ü A Battery ESSis assumed to be placed at MV/LV substation level and at HV/MV substation

level .
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EASY-RES RRL Control ðGeneral Structure
EASY-RES Approach
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Use of Definition 3 for the RRcalculation : Given the DSO/TSO

RRL limit in % of nominal power per minute, ὙὙὒ ,

ὶ=ὙὙὒ ɇὖ / 60 [W/s]

Example : for a PV with 10kWp, 10%/min is 1kW/min, hence,

16.66W/s



//

EASY-RES RRL Control: Ultracapacitor at DRES level

EASY-RES Approach
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Ultracapacitor : performs 3 Ancillary

Services - Simultaneously

o Inertial Response

o Fault-Ride-Through and

Contribution to Fault-Clearing

o RRL

Ultracapacitor : Its energy recovery control

should return its voltage to its reference value,

[11], [12]
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EASY-RES RRL Control: Ultracapacitor at DRES level ð[11]

EASY-RES Approach
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EASY-RES RRL Control: Ultracapacitor at DRES level ð[11]

EASY-RES Approach
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Ultracapacitor RRL: Experimental Results ðLab Set up

EASY-RES Approach ðExperimental Validation
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1.A 20 kVA three -phase three -wire VSC with ὠ

χυπὠand ὠ τππὠ
2.An SC of 6 F and 160 V, with maximum instantaneous

power of 2kW and total SC energy is 21.33Wh (Ὁ =

9.33Wh for RRLcontrol)

3.A controllable DC current source .

4.TMS320F28335 Delfino microcontroller with sampling

frequency= 20 kHz

5.Measuring Devices :
i. SpeedGoat : sampling time 0.5 seconds

ii. Oscilloscope : sampling time 50us

Further Description in [12]
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Ultracapacitor RRL: Experimental Results ðSpeedGoat

EASY-RES Approach ðExperimental Validation
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Åὶ χυȟρππȟρυπὡȾί
ÅNo Warning Area

(k=1)

RRLCalculation with

V the RRLcontrol works perfectly and injects

smoothed power to the grid .

V The lower the RRLὶ, the smoother is the ὴ
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Excellent operation during ramp -ups (ὸ π υπίand

ὸ ρυπςππί) because the SC does not reach its

power or voltage limits, i.e.:

o the SC power reaches barely its maximum power

limit -2kW (SC charging )

o the SC voltage does not reach 150V

During the successive ramp -downs (SC discharging ) at
ὸ υπρυπί, the SC limits are reached :

o the SC power instantaneously exceeds its maximum

power limit 2kW (discharge )

o the SC voltage reaches its lower limit 110V

After ὸ σππίthe SC returns to ὺᶻ avoiding in this way

any oversmoothing and unnecessary operation .

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 
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EASY-RES Approach ðExperimental Validation
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EASY-RES Approach ðExperimental Validation

Ultracapacitor RRL: Experimental Results - Oscilloscope
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V the RRLcontrol works perfectly and injects smoothed power to the grid .
V The lower the RRLὶ, the smoother is the active power, as expected .

V Avoid Oversmoothing after ὸ σππί
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EASY-RES Approach ðSimulations

Ultracapacitor RRL: Simulation Results ðEffect of 
Parameter k and SC Size ð[11]

o Real 300s PV power Profile ðPV system of 6.5kWp
o ὶ ρππὡȾί
o No Warning Area k=1 & Warning Area with k=4
o SC Size 6F and 8F with the same voltage limits Ą

Associated Energy increased by 33,33%
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V At C=6F increasing k=4 leads the SC to operate in higher voltage values , hence, into a

safer area .

V Compared to C=6F/k=1, increasing C to 8F achieves the same smoothing (Ñ100W/s) but

this allows the SC to operate in a much safer region (around 110-140V).

V Increasing the SC size leads to better smoothing effect of the grid injected active power .

o larger sizesmay lead to excessive ESScosts.

o Further issueson the appropriate sizing and costs are discussed within the paper .
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EASY-RES Approach ðSimulations

Ultracapacitor RRL: Simulation Results ðEffect of 
Parameter k and SC Size ð[11]
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EASY-RES Approach ðSimulations

Simulation Model vs. Lab Set -Up 1
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EASY-RES Approach ðSimulations

Simulation Model vs. Lab Set -Up 2

The data provided by

the SC manufacturer

are not sufficient to

represent an

accurate model,

which is further

aggravated in this

case, since a SC bank

is employed,

consisting of individual

SC cells and the data

provided by the

manufacturer for the
bank are very limited .
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EASY-RES RRL vs. LPF 1

EASY-RES Approach
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V In [7] BESS-Ὕ =70-370 seconds

V In [10] Ultracapacitor with Ὕ =600
seconds ð10 minutes
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EASY-RES RRL vs. LPF 2

EASY-RES Approach
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Vthe RRL-based control algorithm utilizes the less ESScapacity - hence, lower cost - than

filter -based methods, due to the fact that the RRLalgorithm limits the RRLto a pre -

determined specific level and allows the ESSonly to operate for significant fluctuations,

avoiding in this way the oversmoothing .

Vthe RRLcan be pre -defined by the DSOs or TSOs. On the contrary, with the filter -based

approaches there can be NO correlation of the filter time constant with the achieved

RRL
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EASY-RES RRL vs. LPF 3

EASY-RES Approach
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Maximum RR input = 1.117 kW/s



//

EASY-RES RRL vs. LPF 4

EASY-RES Approach
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Maximum Achieved RRL with LPF = 91.68 W/s



//

EASY-RES RRL vs. LPF 5

EASY-RES Approach
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Maximum Energy with LPF = 972.56 Wh
Maximum Energy with RRL = 219.41 Wh

Maximum Power with LPF = 2.776kW
Maximum Power with RRL = 2.448kW 
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EASY-RES RRL vs. LPF 6 ðWhat about cost?

EASY-RES Approach
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Of course, fast acting ESS  sizing can be performed using high -resolution data 
(in terms of seconds) to òcatchó the effect of the cloud movement Ą Hence, 

it can be evaluated only in terms of a òworst-caseó cloudy day profile 

PV cost : 1000 euros per 
kWp installed

SC cost : 15000 per kWh

PV power: 7.32kWp

1. With LPF we need 1 kWh of SC Ą

the SC costs twice (200%) the PV!!!

2. With the EASY-RES RRL we need
0.2kWh Ą the SC costs an
additional 45% the PV cost

Need for proper techno -economic 
analysis!
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EASY-RES RRL Control: BESS at Substation Level

EASY-RES Approach

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS



//

EASY-RES RRL Control: BESS at Substation Level

EASY-RES Approach
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BESS Simulation Results 1

EASY-RES Approach
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V More details in the upcoming

EASY-RESdeliverable 1.7!

The Maximum power is 10kW,

hence,

o 11.17 W/s is the equivalent of

7.5 %/min

o 16.66W/s is the equivalent of

10%/min
o 33.33 W/s is the equivalent of

20%/min

╔║╔╢╢=2MJ=0.556kWh
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BESS Simulation Results 2

EASY-RES Approach
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V More details in the upcoming

EASY-RESdeliverable 1.7!
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BESS Simulation Results 3

EASY-RES Approach
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V More details in the upcoming

EASY-RESdeliverable 1.7!

►▪=16.66W/s equivalent to 10%/min
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BESS Experimental Results 1

EASY-RES Approach
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6%/min

30%/min
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BESS Experimental Results 2

EASY-RES Approach
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BESS Experimental Results 3

EASY-RES Approach
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BESS Experimental Results 4

EASY-RES Approach
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State -of -the -Art [8]

State -of -the -Art ESS Sizing Methods
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V ESSsize in parallel with large -scale PVPPs (usually BESS)ðTime domain

Approaches
o Can be generally categorized as analytical, probabilistic or search -based

o All of them use historical Data from the time -domain

o All of them use the RRLof 10%/min

o Prevailing is the analytical method for the worst -case scenario, [15]-[19]

VHybrid ESSsizing for Wind ParksðFrequency Domain Approaches

o Different ESStechnologies have different response times

o Discrete Fourier Transformation (DFT) is usually used to decompose the

balance error between the forecasted and actual wind power

o Higher frequencies are assigned to the faster ESS
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State -of -the -Art ESS Sizing Methods
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Frequency domain Approaches Hybrid ESSsizing for Wind Parks

Frequency Domain Approaches [13,14]

DFT Based 
Decomposition

Fast 
Acting ESS

Slower 
ESS

Objective to minimize the imbalance
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State -of -the -Art ESS Sizing Methods

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

Algorithm

1. Find Imbalance power for 1-year

2. Find the DFTof imbalance power for the whole

year

3. Use high pass and low pass filters (based on

desired cut -off frequencies) to extract the

respective high - and low -frequency

components

4. Take Inverse DFT of the high - and low -

frequency signals

5. Assign high -frequency components to fast

acting ESS (intra -hour or some seconds or

minutes) and low -frequency components to

slower ESS(for frequencies > 1 minute)

Frequency Domain Approaches [13,14]

number of data points per year is m (for example for 1
minute resolution data we have m=84600)

Find the minimum ESSfor each signal from the following
expressions
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Time domain Approaches for ESS

together with PVPPs

o Capacity of the PVPP

o Field size of the PVPP(dimensions)

o Average and worst rate of

fluctuations (average and high cloud

speed based on historical data)

o Acceptable RRLby the DSO-TSO

Time Domain Approaches [15-19]
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Time domain Approaches for ESS

together with PVPPs

VThe BESSis sized to support the
worst fluctuation case Ą Drop in

the PV power from 100% to 10%

and vice versa

VThe Power Drop is assumed to be

an exponential function

Time Domain Approaches [15-19]

Figure: Worst Case Fluctuation of PV 
power Model, [15] ð[19]
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Time Domain Approaches [15-19]

BESS power

BESS derivative

BESS converter rated power
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Time Domain Approaches [15-19]

Figure: Effect of size of PVPP on sudden power 
drop, [17]

o Wind Speed 40 miles per hour (17.88 m/s)

o A 1 MWp PVPPoccupies an area of 10,500ά
o A 9 MWp PVPPoccupies an area of 94,500ά
o Scale up for 30 MWp

Figure: Required BESS output for different 
plants with different dimensions , [17]

9MWp PVPP

o BESS Power and Energy ratings are relatively

higher for smaller PVPPs

o Larger Size PVPP results in smoother output!
Because the ramping takes longer Ą

o the cloud passes more quickly in a small PVPP

rather than a large PVPP

Sizes may be reduced significantly in both Approaches if we 

consider to mitigate only a percentage of the ramp rate 
violations, e.g., 95%!
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EASY-RES Approach
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BESSsize and the respective BESSconverter power in respect to the following

parameters :

o Distribution transformer rated power Ὓ
o DRESpenetration expressed through the coefficient Ὧ

o ramp rate limitation ὙὙ given by the DSO/Aggregator

o maximum ramp rate ὙὙ of the power at the POI with the upstream grid

TheὙὙ is always defined as:

Hence, the time can be expressed by
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EASY-RES Approach

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

The involved BESSenergy is always :

Two additional coefficients are introduced in order to avoid excessive BESS

size:

VMinimum base load expressed through the coefficient Ὧ
VMinimum base production expressed through the coefficient Ὧ

ü the time resolution/sampling of the data should be 1 minute at most (not

10 minutes or 15 minutes) .

ü In the literature, there are limited data with 1s to 1 min resolution .
ü Yearly profiles should be used
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EASY-RES Approach

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

Step 2Step 1

Worst-case scenario 

For PF=1, 

values within [0..1]. 
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EASY-RES Approach

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 
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Step 3 Step 4
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EASY-RES Approach

THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR 

RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

Step 5

Step 6

V More details in the upcoming EASY-RESdeliverable 1.7!

V Each Distribution Grid is unique Ą All the coefficients

should be carefully evaluated based on DRESand Load

penetration, mixture and base case


