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Presentation Outline

» Ramp-Rate Limitation (RRL) as an Ancillary Service (AS) -
Preventive action towards the commitment of FCR and FRR in
weak and stiff networks.

» RRL Grid Codes and Need for proper Definition

» The EASY-RES approach for RRL at DRES and 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"  RRL activation
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Variability of Wind and PV Power

« Renewable Energy Sources (RES) like the
PVs or Wind Turbines depend on primary
energy sources (renewable “fuel”. sun,
wind), which are highly variable, due to
their stochastic nature.

« This causes intermittent RES production.

« Both Wind and PV power are variable (or
non-dispatchable) because they are
available not upon demand, but upon
natural and uncontrollable forces.

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

Currently, due 1o new
forecasting models, wind
generation and solar PV
generation can be
predicted with really good
QCccuracy.

However, predictable
variation is sftill...variable ...
posing several instability
issues to 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

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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Uncertainty in wind output
Variation in wind output increases net increases uncertainty in net
load ramp ate (Increases in this period load to be met with
from 4,052 MW/hour to 4,560 MW/hour) conventional generators

Figure: Impact of net load from increased use of renewable energy [1]
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Why is RRL heeded?

The intermittent RES with high, unpredicted short-term ramp rates can
become more “grid-friendly” by providing “flexible ramping”.

Ramp Ups can be easily mitigated by RES with Active Power Curtailment.
This is undesired ... due to revenue loss.

A system consisting of an intermittent RES and an Energy Storage System
(ESS) can provide flexible ramping: based on the RES+ESS size, the injected
grid power can increase or decrease with a specific predefined ramp-rate
- provide flexible ramping!

Such systems do not only provide flexible ramping ... The ESS action can
eliminate any day-ahead or intfra-day forecast error of the RES generation!

Why is this importante ... The load and RES variability affects the day-ahead
scheduling of FCR and FRR (especially aFRR)
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Why is RRL heeded?
A

The TSOs In each
counfry schedule the W | | |
committed FCR and s = on eon e
FRR for the day-ahead | & == —
and In some countries >

WH h i n 'I' h e d O y ( i n 'lTO - Figure: Activation of operating reserves after a

frequency disturbance, [3]

day).
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Why is RRL heeded?

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.

4

Reserves (MW)

Time

reserves, [2]

|

| Figure: Schematic overview of the activation of operating
Time to Restore Frequency |
|

Fregquency (Hz)
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T FRR is distinguished in automatic (aFRR)
: and manually (mFRR) activated. The
] mixture of aFRR/MFRR is determined by
5 : each TSO for his control area/block so

that the frequency quality criteria are

fulfilled.

After a major frequency event, the
i FRR not only restores the frequency

within the restoration range but also
restores the FCR that have
exhausted and finally restores the

O S et o

.‘.-
S RS

= Nominal Frequency (50 Hz)

———  Standard Frequency Range cross-border power flows of the

— <EIeaueioy Resioranon Renos relevant conftrol area to its pre-fault
Frequency Recovery Range

o - Maximum Steady-State Frequency Deviation VO'UGS.

— Maximum Instantaneous Frequency Deviation

This is depicted in the two terms of
the ACE.

ACEL == EAPL] + ﬁi ° Af
J
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RRL in Stiff Networks

In stiff transmission systems, the equivalent
system inertia (Part 1) is large, hence, a
power imbalance AP 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.

In emergency conditions FCR units are
needed to support the stiff networks

FRR units 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.

However, high RoCoFs and huge disturbances are rare within stiff networks ...
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. . . aFRR is used to deal with the
During Sfequ'qufe operation within a fast variations in the scheduled

synchronous areaq, Af is practically zero. load/generation
Therefore, the ACE (thereby the FRR) has \
to do with the restoration of the power
interchanges among areas to
predefined and agreed values.

Regulation up
areas

The power interchanges deviate due to
errors in forecasting of

 Load

« Power generated by RES

and also, by probable faults like loss of a
local generating unit, or of a tie line.

Power (MW)

Regulation
down areas

ACEl - Z APi,j aF ﬁi f \
J

MFRR is used to deal with the
slower variations in the scheduled
load/generation
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RRL in Stiff Networks

« The usual case is that low
RoCoFs happen every day Roughness* of the
and there are  small f@ﬂ _VOriGﬂCFﬂd
oscillations  around  the V{)ﬁhe'sé‘éslg’[';
nominal frequency, due to
errors  in the short-term
forecast.

« These short-term variations
usually activate the aFRR |
units, which are more
expensive than mFRR. Figure: Real Variation Of Load Demand, [3]

12:30 14:00 |
. I
T

*The term "roughness" describes the continuous random load variation that resembles white noise
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RRL in Stiff Networks

« By having a coordinated RES+ESS RRL ?‘I" Fe

control action, the flexible ramping 3‘ i |
generation is assured while any short-

r
term forecast error can be easily J“.
e o
mitigated! 't"k"
« In this way, short-term frequency ' 'f(”i
oscillations and the aFRR activation = ¥ -

, gl
can be avoided > . o -

 This in turn would lead to fewer costs
in the scheduling for the
conventional unit commitment.

;
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RRL in Weak Networks

« Weak systems suffer from low equivalent system inerfia (Part
1) and a power imbalance AP between load and generation
or an error in the RES forecast together with the high
penetration of intermittent RES with high dP/dt could cause
large frequency disturbances — high RoCoF

* In furn, cause huge commitment of both FCR and FRR ->
FCR in order to avoid large RoCoFs in the short-term
mismartch forecast errors

« This is why it is an already established requirement for the
installation of new RES plants
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RRL in Weak Networks - Examples

 Puerto Rico has set the Minimum
Technical Requirements (MITR) [4]
i

B RG Baltic ¥ i

+ EirGrid and SONI (|rishwj¢

defined RRL Ig their mutual
inferconnections [5]
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RRL in the Grid Codes and ldentified Gaps

System Operators: Specifications for the limitation of the PRE‘%E?;(H”SaE}) T Wi, T MWt (e
. . uerto Rico ]

Ramp-Rate (RR) at the Point of Common Coupling (PCC) | geme 10%/min

of the DRES with the grid EIRGRID (ireland) 130 MWinin (I0min sverse)

Fngland A. No limit for AP of up to 300MW

. . B. 50MW/min for AP between 300-1000MW
& Wales NGC .

» for DRES with nominal Power >TMW s C. 40MWimin for AP > 1000MW

A. No limit for a change of up to [SMW

B. I5MW to 150MW:

> Especially in weak Transmission Systems Scottimd | o e B o et
. Over 150MW:
Identified Gaps: M (o o)
AustraliaI(AEMO) Set by the TSO, at least 31\-‘[Whui:; DF.B%
o currently only ramp-ups can be mitigated efficiently by oot S o oo

A For WF capacity below J0MW

individual RES plants (without ESS) by performing Active #) 2MWimin (10-min average)

. i1) 6MW/minute (Iltmlnute average) ‘
Power Curtailment ChimaSGCC | B P e 0wt mveoneg) W
1) Pratea/5 (1-min average)

C' For WF capacity over 150MW

o there is no unified definition of RR considering either the i) 100MWimin (10 min average)

i1) 30MW/min (1-min average)

time-interval At or the power variation AP, [6] A No Timit for a chang of up 0 SONW

B. For WF capacity between 50 to 150MW:

i) Prated/1.5 (10-min average)

o No specifications for RES with nominal power below 1MW i C) R copaciy over T50MW
i) 100MW/min (10-min average)

- The RR Limitation (RRL) is currently vague at distribution i2) 30MWimin (I-min average)
level, [¢] [6] EASY-RES Deliverable 1.1; Available online:
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State-of-the-Art RRL Definitions 1

Key
Characteristics:

v" Direction:;
upward and
downward

v Magnitude

v' Duration >
Need for the
proper definition
of past and
current instants

p, [W]

Defo
pstart
Defq
pstart
Def;

end
Def2

pstart

Defq

pend
Defo

end

A

@® Def; = endpoints
@®Defy; — min/max

/

t

Defl tDef2 tDefS Def3
stz{art start “start tend t

Def2
end

Atwindow
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State-of-the-Art RRL Definitions 2 [7]

D, [VV]A @ Def; = endpoints Lo .

Defy ®Defy = min/max Definition 1: difference between
Pstart ®Def3y = successive instants (SI) .
pDetL //\ two endpoints of a Atyindow
o interval (typical values 1 minute
Ol s or 10 minutes)

Defl Atcl
pend "

Defy Pout [t + Atwindow] — Pout [t]

end : > RRDeﬁ [t] —

Litars Torand fovnt font®  ond®  toeg! ¢, [s] Alwindow
) Atwindow -

Definition 2: difference between the maximum and minimum values within a
At yindow INTErVAl

RRDefQ [t] —

maXpout [t+Atwindow] yPout [t] o rrllrlpout [t‘|‘Atwindow} yPout [t]

tmax _ tmin
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State-of-the-Art RRL Definitions 3 [7]

D, [W] @® Def; = endpoints
Def2A @®Defy; = min/max
Pstart ®Def3 = successive instants (SI)
Defy
Pstart [
Def]_
Pend /
Def2 I’
sSafljt
el At d
pend 3l
Def2
pend ' >
tDefl tDef2 tDef3 Defqg tDefQ Defq
start “start “start tend end tend t, [3]
< '
At

window
Definition 3. difference between two successive measurements (instants Atgy)
— usually T second

ou t At ~ FMou t
RRDefg[t]:p t[ + SI] p t[}

Atgy
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RRL Definitions

RRL Definitions 4 - Example

6
| l | — Cloudy Day
51 Clear Day
Partially Cloudy Day
Ve 4 | _
=
=
s 3 -
&
2
A 2r a
1 - —
O | | | | | |
08:00 10:00 12:00 14:00 16:00 18:00
Time (s) Sep 29, 2018

Figure: Daily PV Profiles of a 6.5kWp PVPP, [8]
s e—



kW /s

dP
dt

Ramp-Rate
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RRL Definitions

RRL Definitions 5 — Example Cloudy Day

4
6
3r % Al -
2 ¢ of |
Q? 1 1 1 1
1 B 08:00 10:00 12:00 14:00 16:00 18:00 ]
Sep 29, 2018
0 Sosects
1k .
Definition 1
21 Definition 2|
3k Definition 3 |-
| | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (s) w104
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RRL Definitions

RRL Definitions 7 — Example Clear Day

2 L /l I _]
- z’
= :
—_ 1+ s 0 , , , , , _
- 08:00 10:00 12:00 14:00 16:00 18:00
%Pé Sep 29, 2018
O
= x
m T
g‘ Definition 1
ch i Definition 2 .
-1 mes D efinition 3
| | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (s) x10*
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RRL Definitions

RRL Definitions 8 — Example Wind Turbine

0
Mar 16, 00:00 Mar 16, 06:00

Mar 16, 12:00

Time (min)

|
Mar 17 "~ "%

Ramp Rate (%/min)

60

S
o

| 1 1
D [ DO
o o o o

[\~
o

- _Rlein '
- RR5min
RRyomin

~=—-RR3omin

1 L
400 600 800 1000 1200 1400

Time (s)
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State-of-the-Art RRL Control Methods 1

RRL Contirol 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-Pass Filter, Band-Pass Filter

oDirect RRL Methods
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State-of-the-Art RRL Control Methods 2

RRL Control Categories: Disadvantages - MA &FB

RRL is performed considering that » high computational complexity
the DRES is connected to an » exhibition of "memory effect"
Energy Storage System (ESS), [7]- and oversmoothing

[10]: o the ESS is forced to operate

oMoving Average (MA) Methods even when fhe DRES RR s

oFilter-Based (FB) Methods, e.g., within specific limifs
Low-Pass Filter, Band-Pass Filter

oDirect RRL Methods

o Increased ESS capacity
o Decreased ESS operating life
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State-of-the-Art RRL Control Methods 3

RRL Contirol Categories: Gaps in the RRL approaches

RRL is performed considering that » BESS with slower dynamics - not
the DRES is connected to an suitable for high-frequency
Energy Storage System (ESS) [7]- fluctuations at DRES level

[10]: » The State-of-Charge (SoC) s

oMoving Average (MA) Methods taken info account a-posteriori

oFilter-Based (FB) Methods, e.g., o do not guarantee that RR can

Low-Pass Filter, Band-Pass Filter be limited exactly fo the
prescribed level,

oDirect RRL Methods o new RRL technigues should be
developed to reduce the
significant RRs at specific values




C EASY-RES /7 1HE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
' RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

EASY-RES RRL Concept

RRL is defined at DRES and substation level

» At DRES level the UVSG limits the ramp rate of the DRES power using as a Fast-acting ESS
(FSS) a Ultracapacitor. The FSS is placed at the DC-link of a DRES converter. The initial

farget RRL s AP 30%PpRES-nom

Can this be At minute

OC,Thever Photovoltaic DC PV oeC
WAL System

exceeding Y PPV Converter .PGrld

10% of the ﬁ\“ T — G

total cost of Vbe

fhe DRES22 o T ~ ‘ ( >

IFSSl | Prss

FSS
Converter

[
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EASY-RES RRL Concept

RRL is defined at DRES and substation level
» A Battery ESS is assumed to be placed at MV/LV substation level and at HV/MV substation

level
X MV /LV
=1 AP — 10%STR—nom
At minute
.................................... ICA
MV
@ r
[
. tovmnr o Mecury <[ {Prosum
& g B e
AP _ 10%S1p nom T TN (R e | e
At minute | IO T ;i disrrall () /'{' i
N St -1 onsumer; 1 Pmsumer§
cares | nere e s LN — %k
LG) X Microgrid :
1t ety
- W 7 * = (D@ Mixed feeder H
: mn  m = L/{I (G Res-only feeder |

-----------------------------------------------------------------------------
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EASY-RES RRL Control — General Structure

Pout[t] — Pous[t — Af] Algorithm 1 RRL Function
RR2-point-ca.lc [t] — .
t[t] — t[t — At] Require: act, pi|t], pous[t — At], rmn pmaz - Ag
T ; Ensure: pout], pess, ret[t]
TTCLQ: : RRL : 1 RRZ POlﬂt calc — pln[t] pout[t_At]

> max: At
: 2: PESS, calc[ ] — pm[ ] Pout [t - At]
3: if act = 1 then
if RR < r™" then
RR 4 rmin
else if RR > r"® then
RR + rmae
else
RR + RRQ—point—calc
=1 |« 10: end if
11 pout[t] < RR - At + pou[t — At]
Use of Definition 3 for the RR calculation: Given the DSO/TSO  12:  prgs reflt] = pinlt] — Pous(]
RRL limit in % of nominal power per minute, RRL,,m, . 13: else
7 =RRLyom * Poom/60 [W/s] 14:  poutt] < pin[t]

. - . 15:  pEss, ref[t] < 0
Example: for a PV with 10kWp, 10%/min is TkW/min, hence, (4 ond if

16.66W/s _

Pout [t - At]

s
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EASY-RES RRL Conftrol: Ultracapacitor at DRES level

[11]. [12]

Ultracapacitor: performs 3 Ancillary
Services - Simultaneously

o Inerfial Response

o Fault-Ride-Through and
Contribution to Fault-Clearing

o RRL

DC/DC
Converter VSC

Supercapacitor

¥ + Ps
4 L
de Rdc _| ‘ "
TN—WW

max[t] = +T(U) E’ RRL Functioni TTsat [t]
max, g
/o
/ —.. + y [t] .
¥
y [t — At
—1 [
T RES Plant_
_’LIL
Ultracapacitor: Its energy recovery confirol :g
should return its voltage to its reference value, @ : +

Y|
/1

Py
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EASY-RES RRL Control: Ultracapacitor at DRES level =[11]

1
Eused = 5 Jex (vrQnax — Ur2nin)

1. Full Service r(v % 4
.II Partial Serv1ce| ( )|[ / ]

T — 00 | 1
7777777777777777777777 ~t- - oo 2
—[IH -Service dIsabled . 3 ‘f_ 0 — M
| : : | : w2 — 02
' | i max min

VUmax I. Full service
Upp E gpp II. Partial service
Va U III. Service disabled

E PP
v g P ;UI Ramp-ups
E n PP SC Charge

Ramp-downs
SC Discharge

® 0 66
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EASY-RES RRL Control: Ultracapacitor at DRES level =[11]

rk: T, if (/ngp < U)
1 . v — vUPP
L Full Service |y ()| [% /5] rUPP () =, 41 - (B —1) - s, if (ngp <ov< ngp)
! IL. Partial Service = oo j ! Ve — vt
_[1111’S’erviC’edi$abl’ed’””g’””*“* ””””””””” T ¢ Tn, if (U§C <ov < ngp)
1 : 1 if (05 < v < Vi)
v = (U’LLLIJOW Low Low
=—rp+r, (k—1) Tow  gLow if (vfo < v < ohv)
w
it (Uljow < v)

I. Full service

U Egpp @ I1. Partial service
Vg, PP U II1. Service disabled
B0
»UPP i
w U Ramp-ups
" E n PP SC Charge
vic T==r(D)

Ramp-downs

’ULOW n SC Discharge
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Ultracapacitor RRL: Experimental Results — Lab Set up

VSC +DC/DC DC Current

__DClhus __converter 1.A 20 kVA Three—ph(]se three-wire VSC with VDrgted =

Commm—— 750V and Vj&ted = 400V
2.An SC of 6 F and 160 V, with maximum instantaneous
14 power of 2kW and total SC energy is 21.33Wh (E,seq=

sl 9.33Wh for RRL control)

« EEEE Y 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
il. Oscilloscope: sampling time 50us

SC

Source

de-l -lq} -lf} _”;'} L, Ly . .

;(D | L AL - Further Description in [12]
; il — -

T o lobs .

IDC Sourc.] .~ DC/DC! | VSC AC Filter




Power (kW)
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Ultracapacitor RRL: Experimental Results — SpeedGoat

9
A i 1, = 75,100,150 W /s g -
l\‘ I A | *No Warning Area —~
7 - — - e ~ e
i l' (k=) g N
6_: s6_ R S A AN ooy
.‘\7,77& = DPin g 5 - = Din
5 7 e pot (RRL = T5W/s) Pin : input power, ult] ™ === p(RRL=T5W/s)
4 = pou(RRL=100W/s) | p . : output RRL power, y[t] 4 - = p(RRL iIEOW/ s)
) Pou(RRL=150W/s) || 1 - orid-injected power 5 py(RRL = 150W/s)
: : : I Time (s) I
0 100 200 300 40( . .
Time (s) RRL Calculation with RR(t) = p(t) —p(t —1)
At = 1s t(t) —t(t—1)
200
v' the RRL control works perfectly and injects =
smoothed power to the grid. . £ )
v' The lower the RRL r,, the smoother is the pq = —— (RRL—100W/s)
= = (RRL=150W/s)
-200 .

Time (s)
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_2 ] 1 1 1
Time (s)
150
140
2 130 4= j
g)D == | R ———
E \ .
= 120 o .‘ Vs
= \ . (RRL ="T5W/s)
110 - . (RRL=100W/s)
ve(RRL =150/ s)
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Time (s)

—— (RRL=T75W/s)
= (RRL=100W/s)
—— (RRL=150W/s)

RRL (W/s)

-200 T

. . ime (s) I
Excellent operation during ramp-ups (LT= 0—-50s and

t =150 — 200s) 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

t =50 —150s, 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 t = 300s the SC returns to v, avoiding in this way
any oversmoothing and unnecessary operation.
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Ultracapacitor RRL: Experimental Results - Oscilloscope

2
= 87 - ' =
\-—L_d’ ’ Pin - 51 0 _
g = p,(RRL=75) ¥ 5 e o (RRL =75)
E 6 m— p(RRL =100) % = p..(RRL =100)
- - po(RRL =150) alP .. (RRL = 150)
! LI ! ! T T T T
Time (s) Time (s)
150
Z 140 - w3, (RRL = 75)
go e 3, (RRL = 100)
= 130 4= vee(RRL=150)
> f ~
120 T T T T
20 30 40 50 60
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v' the RRL control works perfectly and injects smoothed power 1o the gria.

100

Ultracapacitor RRL: Simulation Results — Effect of
Parameter k and SC Size = [11

P T T T T 5000
_;W /\4()00
1(21:31 14:32 14:33 14:34 14:35 1 ESUOO -

9;’52000- n A

g o, k=4, C=G6F

1000 F s, k=4, C=8F |

| ! L L —ps, k=1, C=06F

08:00 10:00 12:00 Timelz(xgo 16:00 sli:gg, s 0k ——p.. k=1, C=8F
Real 300s PV power Profile — PV system of 6.5kWp e
1, =100 W /s o s00p

No Warnhing Area k=1 & Warning Area with k=4 g . ]

SC Size 6F and 8F with the same voltage limits 2 2 —RRolp

Associated Energy increased by 33,33% = o) —ggi :iﬁ g%zg

1000 —RR: k=1: C=8F

1
300

Il
250
Time (s

1 1
150 200 350

v' The lower the RRL r,, the smoother is the active power, as expected.

v Avoid Oversmoothing after t = 300s




C EASY-RES /7 1HE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
: RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

Ultracapacitor RRL: Simulation Results — Effect of
Parameter k and SC Size - [11]

150 .

o
an .
% 120 sy k=4, C=6F A
= s V), =4, C =8F
110 — 1, k=1, C=6F 7
s Uy k=1, C =8F
1(}(, 1 1 1 1 i
100 150 200 250 300 350

Time (s)

At C=6F increasing k=4 leads the SC to operate in higher voltage values, hence, into @
safer areaq.

Compared to C=6F/k=1, increasing C to 8F achieves the same smoothing (£100W/s) but
this allows the SC to operate in a much safer region (around 110-140V).

Increasing the SC size leads to better smoothing effect of the grid injected active power.
o larger sizes may lead to excessive ESS costs.

0 Further issues on the appropriate sizing and costs are discussed within the paper.
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Simulation Model vs. Lab Set-Up 1

———————————————————————————————— ‘ AC controllable
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¢ Ltl 1 abe Rtl Vim,abe le 1s.abe Rsl PCC |
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‘ s 1400 : 400
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Simulation Model vs. Lab Set-Up 2

—
— S (RRL = T5W/s)
—_— pm(RRL = T5W/s)

Time (s)

= DPin
s Pt (RRL = T5W/5)
= po (RRL=T5W/s)

T
100

1 I
200 300 400
Time (s)

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.

e p°“P(RRL = T5W/s)
e Y (RRL = T5W/ )

(s)

140

130

120

Voltage (V)

110

—'ugfp(RRL =T5W/s)
ey S (RRL = T5W/s)

100

100

_ Time (s)

200

300

400
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EASY-RES Approach

EASY-RES RRL vs. LPF 1

Discrete

Pin lera) = 2" (Ts/Trpp) | Pout v' In [7] BESS - T;pr=70-370 seconds
2 (To/Typp) #1] v In [10] Ultracapacitor with  Tppr =600
Jay = 1 Post " seconds — 10 minutes
- sTopp +1 ]

1000
T T T T T
150 ¢ E
500 | 140
E ; 130
E 0 5 120
3 4
2 5
Fa ——RR of piy =110 .
=00 | — R R, k=1, C=6F | 1sey k=1, C=6F
-500
s RR, Ty pp = 308, C=6F 100 s Vs T pp = 308, C=6F
v RR, T pp = 60s, C=6F s Vsen TLpF = 608, C=6F
e RR, Tp.pr = 10s, C=6F 90 - . [ [ e Uy TLpF = 108, C=6F
-1000 ! L 1 L L
100 150 200 250 300 350 100 150 200 250 300 350

Time (s)

Time (s)

e s —
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EASY-RES RRL vs. LPF 2

1000 150 | ==,
— ey k=1, C=6F

e Uy 11 pF = 608, C=12F
w—Vsey TLpF = 308, C=12F
e Uyes Trpp = 158, C=12F g

140 +
500

)

:—l‘., , Trpr = 60s, C=8F

h— E i Voo Trpr = 30s, C=8F
0 Ty PSRN, e o Etl.!() + 4
g —— RR of pi, 3
= RR, k=1, C=6F 110 b
—RR, T/,[»/.' = 60s, C=12F
=500 wee RR, T, pp = 308, C=12F 100

= RR, Tipp = 158, C=12F
—RR, T“r[s = 60s, (7:8[“ 90 +

RR, Ty pp = 30s, C=8F
-1000 ;

100 150 200 250 300 350 e »
Time (s) Time (s)

v the RRL-based conftrol algorithm utilizes the less ESS capacity - hence, lower cost - than
filter-based methods, due to the fact that the RRL algorithm limits the RRL to a pre-
determined specific level and allows the ESS only to operate for significant fluctuations,
avoiding in this way the oversmoothing.

v’ the RRL can 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

1 1 ' I
100 150 200 250 300 350
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EASY-RES Approach

EASY-RES RRL vs. LPF 3

RRL
6000
PV Generation
54000 H Output Grid Power LPF - 30 s —
o Output Grid Power RRL 100 Wis
Z 2000
o
0
3 35 4 4.5 5 55 6.5
Time(s) w10t
SC Response
2000 SCOutput LPF-30s ]
g SC Output RRL 100 W/'s
o} 0 i =y et
2
o
& 2000 — | | | —
3 35 4 4.5 6.5
Time(s) w10t
—_ RR calculation
% 1000 RR of PV =
RR of Output Grid Power LPF - 30 s
£ 0 RR of Output Grid Power RRL 100 W/s Py |
& |
£
8 ~1000 — | | | | \ ]
3 3.5 4 4.5 5 5.5 6.5
Time(s) <10

Maximum RR input = 1.117 kW/s




C~) EASY-RES //THE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS
EASY-RES Approach

EASY-RES RRL vs. LPF 4

6000 RRL
PV Generation | | | | |
g Output Grid Power LPF - 30 s
5 4000 Output Grid Power RRL 100 Wis I
k
2000 | | | | | | mmrt—]
5 5.05 5.1 5.15 5.2 5.25 5.3 5.35 5.4 5.45 5.5
Time(s) «10*
SC Response
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aj O -t ./ Y — L — ' —
ES
=]
& 2000 — | | —
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— RR calculation
% 100 RR of PV [ =
s RR of Output Grid Power LPF - 30 s
£ RR of Output Grid Power RRL 100 Wis .
¢ ° M
£
S -100 | 1| | —
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Time(s) «10*

Maximum Achieved RRL with LPF =91.68 W/s

e Ee—
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EASY-RES Approach

EASY RES RRL vs. LPF &

1000 | SC Maximum Daily Energy Utilize

I I
I SC MAX Energy LPF 30 s
800 | sC MAX Energy RRL 100 Wi/s

600 —

Maximum Energy with LPF = 972.56 Wh
Maximum Energy with RRL = 219.41 Wh

Energy (W/h)

400 —

0 | | [
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Time(s)

SC Maximum Daily Power Utilize
3000 | I
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[ SC MAX Power RRL 100 Wis

= 2000 —

Power (W)

1000 L Maximum Power with LPF = 2.776kW
Maximum Power with RRL = 2.448kW

0 | |
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EASY-RES Approach

EASY-RES RRL vs. LPF 6 — What about coste

PV cost: 1000 euros per 1. With LPF we need 1 kWh of SC >
kWp installea the SC costs twice (200%) the PVIII

SC cost: 15000 per kWh 2. With the EASY-RES RRL we need

PV power: 7.32kWp 0.2kWh > the SC costs an

additional 45% the PV cost

¥

Need for proper techno-economic
analysis!

Of course, fast acting ESS sizing can be performed using high-resolution data
(in ferms of seconds) to “catch” the effect of the cloud movement - Hence,

it can be evaluated only in terms of a “worst-case” cloudy day profile
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EASY-RES RRL Conftrol: BESS at Substation Level

\ 4

Apsoc [t]

Pout [t - At]

inlt] — Apsoc|t] — Pout[t — At
RR2-point-ca1c = L [ ] Ps C[A]t p t[ ]

PEss[t] = Pinlt] — Apsoc[t] — Pous[t — At]
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EASY-RES RRL Conftrol: BESS at Substation Level

— 1 1

=1 AEs,c = Aty - APsec + APsoc - Aty + Atz - APg,c
— ‘AtL Atog _At?: . 2 2

o AEsoc [ Atsoc  “RRy APs.

g Eq WK [ Ti r Atl = Atg = RR

o ' my, ) |apg,ome [s] L

A ' ' APZ

LLJ ) —5C _ APsyc - Atgoc + AEs,c =0

m RR, ““ RRL SoC SoC SoC

Algorithm 2 ESS SoC Function RR 1

Require: SoC', ASoC', SoC, .., SoChin, APs,o APgoc = 5 L. (—Atsoc + \/ At%oc ~ RR. : AESoC)
Ensure: Apg,o L

. if SoC,., < SoC' < 50 — ASoC then
-’:—\"p.‘}'-ﬂ(" — _"&}{5\-‘{)('»'
. else if 50 + ASoC < SoC' < So(,,,. then

1

! 1

: AESOC = 5 : EBESS
4: i\.pga(,“ — &PSﬂi'!

5

6

T

. else
. end if AtSoC AtSoC §oC RR;,




Power (W)

C) EASY-RES /7 1HE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
‘ RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

EASY-RES Approach

BESS Simulation Results 1
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v" More details in the upcoming > | ol ( | H | ﬁ
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RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

BESS Simulation Results 2
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RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

BESS Simulation Results 3
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EASY-RES Approach

BESS Experimental Results 1
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EASY-RES Approach

BESS Experimen

tal Results 2
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EASY-RES Approach

BESS Experimental Results 3
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BESS Experimental Results 4
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State-of-the-Art [8]

v Hybrid ESS sizing for Wind Parks — Frequency Domain Approaches
o Different ESS technologies 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

v ESS size in parallel with large-scale PVPPs (usually BESS) — Time 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 RRL of 10%/min
o Prevailing is the analytical method for the worst-case scenario, [15]-[19]
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State-of-the-Art ESS Sizing Methods

Frequency Domain Approaches [13,14]

Frequency domain Approaches Hybrid ESS sizing for Wind Parks

Pscheduled(t) - P'wznd(t) — -Pimbalance (t)

Fast
Acting ESS

Objective to minimize the imbalance

DFT Based
Decomposition
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Frequency Domain Approaches [13,14]

Algorithm

Find Imbalance power for 1-year number of data points per year is m (for example for 1
Find the DFT of imbalance power for the whole = minute resolution data we have m=84600)
year i resolution in minutes
Use high pass and low pass filters (based on Eftpes = » [Pi’:r{balance (m) - 60 minutes }
desired cut-off frequencies) to extract the m=0 lution in minut

. . _ _ l resolution 1 minutes
respective high and low-frequency B nog = Z [ ir{Lbal(mw (m) - R ]
components — minutes

Take Inverse DFT of the high- and low-

frequency signals Find the minimum ESS for each signal from the following

. h expressions
Assign high-frequency components to fast 2
acting ESS (infra-hour or some seconds or cale , cale
minutes) and low-frequency components to ERated max{’Efast ESS‘} — min {|Efast ESS‘}
. . t - 3
slower ESS (for frequencies > 1 minute) o SoCTex o — SoCT  eas
Prast ESS = MaT { Py (t)’}
imbalance 1 . 1
raed_ 00X {| BET pos|} — min {| BE oo }

low ESS — ;
o lf s So(max — So(Cmin
Pyow ESS = max j “Pimbalance (t)‘ t slow ESS slow ESS
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Time Domain Approaches [15-19]

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 RRL by the DSO-TSO




C EASY-RES /7 1HE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

Time Domain Approaches [15-19]

Time domain Approaches for ESS Ppy(t) = 90e~4/" + 10
together with PVPPs o .
v'The BESS is sized to support the i =t
worst fluctuation case - Drop in : —pat9
the PV power from 100% to 10% ’”\
and vice versa Figure: Worst Casse Fluctuation of PV
v'The Power Drop is assumed to be powertodel TSI
an exponential function . _ Vab

PBESS(t) = 100 — rrl.t - va(t)
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Time Domain Approaches [15-19]

P’l"
BESS power  Pgrss(t) = —2r [1 -

out
Inv

6000~ (0.9e_t/T + 0.1)]

BESS derIVOTlve dPBESS(t) — PPV rrlGOOO + %e_tmaw/’r
dt nout T

Inv

5400
tmax = T1n
T-TT]

BESS converter rated power

Pgpss(tmaz) Ppy T.IT 5400
Prateq = 90 — 1+1
e = 1002t 60 [ i [T.m] ]
T — 5400
S i g 0Py 2000 iy,

T. 1800ng:tttery Tl
Erftt[i{f - 2/ PBESS“]
0




C) EASY-RES /7 1HE 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 ESS Sizing Methods

Time Domain Approaches [15-19]

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

T o A1 MWp PYPP occupies an area of 10,500m?
o A 9 MWp PVPP occupies an area of 94,500m?

o Scale up for 30 MWp

>

90% power reduction (pu)
=

P teq = 6500kW

Time (s) E,atea = 1000kW h

Figure: Effect of size of PVPP on sudden power

drop, [17] o BESS Power and Energy ratings are relatively
- - higher for smaller PVPPs
“: :;zmwafi{iéi:%;, o Larger Size PVPP results in smoother output!
S0 Because the ramping takes longer >
Sos o the cloud passes more quickly in a small PVPP
f«éw rather than a large PVPP

% s 100 150 200 250 00 350 400 450 500 Sizes may be reduced significantly in both Approaches if we

Time (s

consider to mitigate only a percentage of the ramp rate

(s)
Figure: Required BESS output for different
' ' ' violations, e.g., 95%!

WnTSW. arant Adimensien
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EASY-RES BESS Sizing 1

BESS size and the respective BESS converter power in respect to the following
parameters:

o Distribution transformer rated power S,

o DRES penefration expressed through the coefficient k,,

o ramp rate limitation RR; given by the DSO/Aggregator

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

The RR; is always defined as: AP
A

Hence, the time can be expressed by

AP
RR;,

At =
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EASY-RES Approach

EASY-RES BESS Sizing 2

The involved BESS energy is always:

(AP)?

E =AP. At =
BESS RR;

Two additional coefficients are infroduced in order to avoid excessive BESS
size:

v Minimum base load expressed through the coefficient k;

v Minimum base production expressed through the coefficient kprgs

> the time resolution/sampling of the data should be 1 minute at most (not
10 minutes or 15 minutes).

> In the literature, there are limited data with 1s to 1 min resolution.

> Yearly profiles should be used
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EASY-RES BESS Sizing 3
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Worst-case scenario

gL (Sir + Spres)”
BESS =

For PF=T,

Step 1
RRL .’
Str
Time [s]
SPDRES
== kp * Str

1 [Si- (1+E)

At At

Ky — % values within [0..1].
tr

RR L 2 RRL

(Str + SprES)

Total
P DRES

Active Power [W]

SiepRZRL

P —
EBESS -

g R

E y

£

2

5

© (1 —kLp) - Str
S
. ) S ———
g i LIRS
é Time [s]
& SDRES

wn

o = kp - Str

[a]

AP = SDRES’ + (1 - kLD) - Str

1 [(1—kwp) - Sy + Sores]” _ 1 [Sir- (1= kup + k)l

2

RR;, 2

RR;,
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EASY-RES BESS Sizing 4

Step 3 Step 4
RRL ," RR ) 2’ RRy ¢

// (1= kLp) - Ser

/ /1 (kip —kp| kprES) - Str

P
-

.

>

(1 —krp) - Str

/17D = kpl kDRES) - Str

Active Power [W]
DRES Productfon § Load Consumption

Active Power [W]
DRES Productfon § Load Consumption

Time [s] Time [s]
(A~ kpres)  Spres (1-kprES)  SDRES
= (1 —kprES) - kpStr = (1 —kpRrES) - kpStr
APpres = Spres (1 — kprEs) APpres = Spres (1 — kpres)
P _ 1 [(1—kip) -8, + (1 — kpreS) - Sprms]” _ B [ — L ). s2.
BESS — 92 RRL _ BESS 2 RRL RRM br

S, - [L = krp + (1 — kpras) - ky)*

RR;,

[1 = kLD + (1 — kDRES) ) kp)]2

1
2




Active Power [W]

.
=

C EASY-RES /7 1HE ROLE OF FRR FOR THE MITIGATION OF POWER IMBALANCES AND THE NEED FOR
RRL AS A PREVENTIVE ACTION IN DISTRIBUTION GRIDS

EASY-RES BESS Sizing 5

RRpp o RRp Step 5

Eppss = Eppss + Egpss =
1 1
= S5 - [1 = ko + (1 — kpras) - Ky - (RRL - RRM)

(1 —=krLp) - Str

(kLD — kpl kDRES) * Str

DRES Productjon § Load Consumption

Time [s] Step 6

(1 —kpreEs) - SDRES

= (1 —kprES) " kpStr
o ! Ppgss = S - <1—

RRy
RRy,

) - [1 = krp + (1 — kpres) - kp)]

v' Each Distribution Grid is unique > All the coefficients
should be carefully evaluated based on DRES and Load
penetration, mixture and base case

v" More details in the upcoming EASY-RES deliverable 1.7!
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EASY-RES BESS Sizing Numerical Example 1

BESS Sizing
Distribution transformer rated power St 100.000,00 W
DRES penetration coefficient kp 0,70 pu 10 %/min
The ramp rate limitation RRL 166,67 W/s 10000 W/min
The maximum ramp rate RRu 0,00 W/s 0 W/min
Minimum base load coefficient k.o 0,00 pu
Minimum base production coefficient kores 0,00 pu
BESS Energy 173.400.000,00 Ws 173400 kJ
2.890.000,00 Wmin
48.166,67 Whour 48,167 kWh
BESS Power 170.000,00 W | 170 kW
2

[(1 + k)] i

Bsess = Bbgos + Bjess = 5% - |- Assuming a BESS
cost of 600S/1kWh

Ppgss = Ser - (1 + kp}) 9 28900,00 $
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EASY-RES BESS Sizing Numerical Example 2

BESS Sizing
Distribution transformer rated power St 100.000,00 W
- |DRES penetration coefficient kp 0,70 pu 10 %/min
& |The ramp rate limitation RRL 166,67 W/s 10000 W/min
E; The maximum ramp rate RRw 0,00 W/s 0 W/min
~ |Minimum base load coefficient kLo 0,20 pu
Minimum base production coefficient kores 0,00 pu
BESS Energy 135.000.000,00 Ws 135000 kJ
. 2.250.000,00 Wmin
g 37.500,00 Whour 37,5 kWh
O
BESS Power 150.000,00 W | 150 kw
2
1—kp+k .
Esgss = Elgs + Ellpss = S2 - l[( w 2 ] Assuming a BESS
L
cost of 600S/1kWh
Pggss = Ser+ (1 — kypp + k) -> 22.500,00 $
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EASY-RES BESS Sizing Numerical Example 3

BESS Sizing
Distribution transformer rated power Sir 100.000,00 W
» |DRES penetration coefficient kp 0,70 pu 10 %/min
A& |The ramp rate limitation RRL 166,67 W/s 10000 W/min
2 [The maximum ramp rate RRwu 0,00 W/s 0 W/min
= [Minimum base load coefficient k.o 0,20 pu
Minimum base production coefficient kores 0,10 pu
BESS Energy 122.694.000,00 Ws 122694 kJ
= 2.044.900,00 Wmin
§ 34.081,67 Whour 34,082 kWh
's)
BESS Power 143.000,00 W | 143 kW
2
1—Fk;p+(1—kppee)-k O
Bsess — Blpss + Elpys = 55 |L 2 = 0 Fores) 'Ky Assuming a BESS
L
cost of 600S/1kWh




Input Data

Output
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EASY-RES BESS Sizing Numerical Example 4

BESS Sizing

Distribution transformer rated power St
DRES penetration coefficient kp

The ramp rate limitation RRL

The maximum ramp rate RRw

Minimum base load coefficient kip
Minimum base production coefficient kores

BESS Energy

BESS Power

100.000,00 W
0,70 pu 10 %/min
166,67 W/s 10000 W/min
1.333,33 W/s 80000 W/min

0,20 pu

0,10 pu

107.357.250,00 Ws 107357 kJ
1.789.287,50 Wmin
29.821,46 Whour 29,821 kWh
125.125,00 W | 125,13 kW

[(1— Ky + (1= kpres) k)] [(1—kup + (1 kpres) - k)]

p
Eppss = Eppes + ESESS = St,?r : [

R
Pgpss = Ser - (1 - RRur

RR,

Ry
) . (1 - km + (1 - kDRES) : kp))

RR,,

Assuming a BESS
cost of 600S/1kWh
- 17.893,00 S
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EASY-RES BESS Sizing Numerical Example 5

Input Data

Output

BESS Sizing
Distribution transformer rated power Sir 100.000,00 W
DRES penetration coefficient kp 0,70 pu 10 %/min
The ramp rate limitation RRL 166,67 W/s 10000 W/min
The maximum ramp rate RRwu 333,33 W/s 20000 W/min
Minimum base load coefficient k.o 0,20 pu
Minimum base production coefficient k 0,10 . .
P e by With the proposed Analysis

i I

BESS Energy 61.347.000,00 Ws ~ 3 fimes lower cost!
1.022.450,00 Wmin
17.040,83 Whour 17,041 kWh
BESS Power 71.500,00 W | 71,5 kW
2 2
1—kyp+ (1 —kpgres) -k 1—kyp+ (1 —kpges) - k .
Eppss = Eg.ess b ERpgs = sZ.. l[( LD (RR DRES) p}] B [( LD (RR DRES) p)] Assumlng a BESS
L M

cost of 600$/1kWh
Pgpss = Ser - (1 - ;ﬁ;) (1= kpp + (1 — kpges) - kp)) 9 1 0'225100 $
M
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Ramp Rate Limit Revision — Puerto Rico 1 [3]

In previous studies, PREPA proposed a limit of 10%/min for the RRL = to protect the system
from significant changes in power from wind and PV power plants.

This rule will be re-assessed due to

v" high costs (large ESS or even diesel generators)
v the fact that the aggregate wind and solar ramp distribution as a percentage of

combined capacity is much smaller than for individual plants

10,000

Fiﬁure: Aﬂﬁreﬁo’re winﬁ ﬁnﬁ iolor 1-min romﬁs |3|
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Ramp Rate Limit Revision — Puerto Rico 2 [3]

o PV vs. PV+BESS>the BESS provides only marginal improvements (the size of the BESS is not
mentioned in this paragraph)

o Conclusion: Even if PVs are equipped with ESS, the ESS can be controlled to provide the most
benefits on an aggregate system level rather than responding to resource variability within
only the plant footprint.

o Probably a faster ESS could provide better smoothing at DRES level - BESS is too slow to follow
ClOUd mOvemeﬂT Comparizon o“fmlfn‘nin ramp distribution

Number of Occurrences

——TaotalPVonly ——Total PV+BESS

Figure: Comparison of total PV and PV+BESS ramps for a typical summer month [3]
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When should RRL be activated?

o EASY-RES considers DRES located within distribution A
py (f)
networks (DNs)

Pmax
o Within DNs, already existing Standards like [20] and [21], £
as well as individual grid codes (e.g., Germany, Denmark) £
prescribe the operation of DRES with P-f droops . §

o Droops with Deadband around 200mHz (range 49.9-50.1
Hz) & Hence they are in the Limited Frequency Sensitive
mode

o When an under-frequency event happens, the DRES+ESS | >
system should not curtail any power > on the contrary, Foin fR2 fo fEB fnaa f
inject as much power as possible!

v In the upcoming EASY-RES deliverable 2.5, we propose that the RRL is activated when the
frequency is within a deadband

v In the upcoming EASY-RES deliverable 6.5 the RRL control use as preventive action will be

demonstr_a!ed under a Iarﬁe freausaii ﬂliimiiii
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When should RRI: be activated?

o In [22] the operation of a 20MW PVPP is
analyzed, and measurements are
presented when the PVPP provides grid- = {gm# | LAY A L AN
friendly Ancillary Services, e.g., PFR and "'I._J ( ha ‘.,ru""*’ ! "u,|
ramp-rate control. = i d
o The maximum rate of change of poweris | ey | -
10% of nameplate capacity per minute ) ’
while for the tests also the RRL of (20% e e
operating capacity/minute is considered. T
o The plant output was set to follow a
target droop characteristic with 5% slope.
o Most of the time this was achieved
except during periods of large solar
ramps. o E R

TIME kel
Figure: Power data for 5% droop test, August 18, 2015, [22]
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Wh

Measured
Calculztad

o2 -n1 ] 1 oz

Change in frequency [Hz)

n.g

N should

Distribution of Contral Errer

03|

Relative Freguenoy

ol

E-4 -4
S

o= 0372 M

BNETOr = 003 MW
xErTOr = 5156 W
rErrgr = 1337 MW

RRL be activated?

The measured droop performance was
unsatisfactory and did not meet the
expectation for a  converter-coupled
generator to provide fast and precise droop
response.

Figure: Measured droop characteristic and Statistical error,

[22]

AAAAA

2
Control Error
— — defdt ks

Figg

re: Control err

dp/de [, sec)

The controller error was at a zero level during
periods of smooth production, and it
increased significantly during solar ramping
events > Why?¢
Droop and RRL control simultaneously
performed!
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Distribution of Contrel Errar

When should RRL be activated?

f
: :
F i
i
More droop tests were conducted
St T T with the modified control. Without any
Figure: Measured droop characteristic — Slope 5%- and . o eye
Statistical error, 1221 active ramp-rate limiting, the plant
e demonstrated much better droop
: performance with far less scatter.

Change in frequency (Hz) Mw

Figure: Measured droop characteristic — Slope 3%- and
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When should RRL be activated?

For this reason, in [23] where the reliability services provided by a 300-MW

Solar PVPP >

All active power ramp rates in the PPC were bypassed when the plant is in

frequency regulation mode

v All ramp-rate settings in the PV power plant’s PPC were set at very high
level of 600 MW/min (10 MW/sec) during the AGC tests

v The active power ramp-rate limit in the PPC was set at 600 MW/min (10
MW/sec) during the droop control tests
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