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Sizing of an Energy Storage System for Grid
Inertial Response and Primary Frequency Reservi

Vaclav Knap,Member, IEEE Sanjay K. Chaudharyylember, IEEE Daniel-loan StroeMember, IEEE,
Maciej SwierczynskiMember, IEEE Bogdan-lonut Craciun, and Remus TeodoreBellow, IEEE
Department of Energy Technology, Aalborg University, Aathdenmark

Abstract—Large-scale integration of renewable energy sources to [2], [5], the WPPs can provide IR by using their stored
in power system leads to the replacement of conventional power kinetic energy. However, there is only a momentary increase
plants (CPPs) and consequently challenges in power system;, the output power, as it is accompanied by a decrease in

reliability and security are introduced. This study is focused on th t d dh h f th fi int
improving the grid frequency response after a contingency event € rotor speed, and hence a change of the operaling point.

in the power system with a high penetration of wind power. 1he time duration of this support is usually very short in the
An energy storage system (ESS) might be a viable solution for range of 10 seconds. Moreover, it might result in a second

providing inertial response and primary frequency regulation. A frequency dip, while the rotor speed is recovering. Such an
methodology has been presented here for the sizing of the ESS iNavent can be dangerous for the grid stability [6]. In [7], the

terms of required power and energy. It describes the contributio . .
of the ESS to the grid, in terms of inertial constant and droop, 2uthors have investigated the use of the HVDC technology for

The methodology is applied to a 12-bus grid model with high wind Providing IR by varying the DC voltage. The use of demand
power penetration. The estimated ESS size for inertial response side management (DSM) technique for grid frequency support

and primary frequency regulation services are validated through is studied in [2]. Specifically for the IR, it can be realizeg b
gﬂ't'me.j'”m'at'ons' More‘?"‘?lr' 'tt's tﬂe?wonsggtzdbth?rt] thCePEPSS multi-stage underfrequency load shedding [8] or by domesti
provide the response simriar o that provided by the S thermostatic load [9]. Moreover, the DSM approach is slgtab
Index Terms—Energy storage, Frequency response, Inertia, for providing PFR by thermostatically controlled loads Jb®
Primary frequency regulation, Stability, Wind power generation. by heat pump water heaters [11], [12]. Nevertheless, DSM
would require additional infrastructure like smart degice
. INTRODUCTION and communication infrastructure. Upcoming concepts such
HE concern for climate change, sustainability and energg vehicle-to-grid and grid-to-vehicle are introducingogtic
security has driven the development of renewable energghicles (EVs) as a source for frequency support [12], [13];
sources (RESs) industry. Large RESs, especially wind ahdwever, the infrastructure does not exist yet and the fleet o
photovoltaic power plants, have been installed in Eurof/s is currently too small to support the grid. Furthermore,
and USA. As the penetration of RES is growing in thenergy storage systems (ESSs), which offer a variety ohgéor
power system network, the fossil-fuel based convention@chnologies [14], represent a suitable alternative fovigling
power plants (CPPs) are getting decommissioned [1]. Sulbth IR [15], [16], and PFR [11], [12], [17], [18]. This solah
a replacement of CPPs by wind and photovoltaic powemight be economically more viable than the curtailment of
plants affects the power system behavior. The CPPs are baR&sSs or load shedding [19].
on synchronous generators, which inherently exhibit iakrt Tielens proposed providing IR and PFR from RESs ex-
response (IR) to sudden frequency deviations. Further, téhded by an ESS in [2]. In [16], the ESS was used for
spinning reserves are available, they participate in tlael-lo the IR and it was sized to deliver arbitrarily chosen rated
frequency regulation as defined by their droop charactesist power for at least 15 seconds. In order to size the ESS for
Unlike, the CPPs, the RES-based plants are connectedthe IR in [15], a set of simulation for various ESS sizes was
the grid through power electronic converters [2]. Such powperformed and the final size was picked according to results
electronic interfaces decouple the grid frequency from tHaelfilling the target limits of a rate of change of frequency
speed of the rotating machines in wind power plants (WPPsnd minimum frequency in the system. Yue, in [20], used
Moreover, the photovoltaic power plants (PVPPs) havecstad probabilistic approach in order to size the ESS for the
dc generators. Therefore, the RES-based plants, by theessellR required for frequency variations caused by high solar
neither provide the inertial response nor participate idio penetration in the system, which was carried out by perfiogmi
frequency regulation and their integration at large scale ca high number of simulations. A control strategy for an
lead to loss of IR and primary frequency reserve (PFR). ESS providing IR and PFR in micro-grids was proposed
WPPs and PVPPs are usually operated with maximal power[21]; however, sizing the ESS was out of the scope of that
point tracking at maximal power. Some reserve has to evestigation. To meet a specific frequency response, a aumb
maintained, if these plants are expected to provide IR or.PF&t simulations with various ESS sizes were performed in [12]
Methods for providing IR and/or PFR from RES-based plantnd a relation between the ESS size and frequency deviation
by curtailing their power generation are proposed in [Z]-[5was derived for the studied system. A methodology for sizing
However, by following this approach the RES maximal powex battery ESS, for providing PFR in a micro-grid, based on
capability is not used, which is highly undesirable. Acdogd battery overloading characteristics and power mismatch wa



introduced in [22]. Optimization of the ESS size to provile t Reserve  deployment of reserve Frequency

PFR was done and presented in [18] for the profit maximizing putomatc Automatclenva  Manva

at the ancillary service market. All the methodologies from primary S (ExERy
the aforementioned studies are based on multiple simulatio nertia

runs and optimization techniques. Furthermore, they do not _Response e ,
indicate their impact upon the overall frequency dynamics. T\ |/ window = nom
This work proposes an ESS sizing methodology using the ‘
system parameters, namely the inertia constdnend the

power/frequency characteristic These parameters are used

by the system operators to assess the overall system freguen t
dynamics subsequent to a generator or load contingency [23] } 30 sec 15 min 30 min

The targeted value of inertia constaffy,, ., for the inertial contingency

occurs

response and power/frequency characterisligs,.., are used
; ; ; ; ig. 1. Stages of frequency response by European Networkasfsmission
in the estlmgtlpn of power and energy rf':\tlngs_ of the ES ystem Operators for Electricity (ENTSO-E) [18].

Afterwards, it is demonstrated through simulations that th

targeted frequency dynamics are achieved by the ESS system.

The theoretically estimated values were verified by reakti H =

simulations considering a realistic power system model. where Epinene is the stored kinetic energy of a synchronous

Th_e structure Of_ the paper is as fOHO\_NS' Section II"%nachine rotor with the rotational speed)( moment of
provides a theoretical background regarding the frequenﬁértia (/) and nominal power ratingS(.s..)

response characteristics of the grid. The frequency respon In a power system, containingnumber of generating units,

metrics and limits are described in Section 1I-B. Sectio Il . . . . .
. ee alent system inertia constaht,(,) is obtained from:
presents the proposed methodology for sizing the ESS. 'Illrﬁ]e quiv y I Izn H. . S,L )i I
i—1 7 7
— 7 (2)

power system under study is presented in section Ill. Sec- Hgys = 5 ,
tion IV describes the modeling and the control strategy of . sys :
the ESS. The frequency services provided by an ESS and kéere H; and 5; are the inertia constant and the nominal

ESS sizing processes are presented in Section V. The obhtaiRe" or of thei-th unit, respectively and,, is the rating of a
specific power system.

results are discussed throughout Section VI and the paper . . . .
concluded in Section VII. The governor and turbine mode|:;-he SW|?g_equat|on ). _descrlbes the relatiotHiy], to the
are given in the Appendix. OCOF %) in a system with the nominal frequencyyf due

to a power deficit A P,), which is caused by an unbalance be-

2

Ekinetic o 1J w
- 5 )

S’r’ated 2 Srated

@

Il. GRID FREQUENCYRESPONSE ANDESS $ZING tween the active power generatioR,§ and demandf;) [24].
METHODOLOGY 2Hoyedf Py — B AD (3)
A. Grid Frequency Characteristics Jo dt Ssys Ssys

The droop constantH) describes the power versus fre-
Usually, there are several stages of frequency response

behavior subsequent to an event causing a power unbalancg%ﬁncy characteristics of the generator speed governimgset

a grid. These stages are illustrated in Fig. 1 for the ENTSOZC 1S defined in [25] as:Af AP,

system [23]. The first stage is the IR, which is the inherent R; = —T)/ [ (4)
releasing of energy at the synchronous machines. This stagginally at the system level, the power/frequency character

is followed by the PFR to stabilize the frequency to a steadtic (\) is given by (5), which determines the steady-state
state value with an allowed error from its nominal valugrequency error [25]. .

The magnitude and time of deployment of these two services = AP 15 )
influence the frequency nadir, which is the point of minimum Afss P R; fo’

frequency in the grid frequency response. This pointisvezie \here Af,, is the steady-state frequency difference from the
to the frequency stability of the grid. Afterward, the sedary npominal frequency f;) with the change of the active power
frequency reserve (SFR) appears to relieve the PFR, and th@fimand (A P), R; is the droop or regulation and; is the
the tertiary frequency reserve (TFR) re-schedules theiquev ominal power of the-th generation unit.

generation. _ _ These characteristics provide the fundamental estimation
The scope of this work is to study the IR and PFR whegyoyt the frequency response in a grid, immediately and for

they are provided by an ESS. Moreover, the study is focusgflorier time period, after an unbalance in the active power.
on power-outage and underfrequency events and thereffiare, t

rate of change of frequency (ROCO%) is expressed and B. Frequency Response: Rate of change of frequency and
presented only as an absolute number, with the meaningSifady-state frequency

rate of fall of frequency. The effect of loads and damping are A generator contingency usually results in an instantaseou
neglected. Two main characteristics connected to the émgu power deficit and the frequency dynamics is observed. Theo-
response are analyzed in this work: the inertial constaht ( retically, the initial ROCOF,%, and steady-state frequency
and power/frequency characteristi(The inertia constant of error, A .4, can be estimated by (3) and (5) using the system
a synchronous machine is defined in [24] as: inertia constant f/) and governor droop settinggR). Since




these values continuously vary over the time, the worst case [, _
. A A Preliminary knowledge of the targe} system The ESS sizing for the IR and/or PFR )
values resulting from the most severe contingency might be (S Ho Dy, expected AP, dfid) ' (
considered for the design purpose. These computations serv ¢
as a simple and fast estimation of the system response and
later on for the ESS size estimation.

Alternatively, when the measurement data are available
from field measurement% and Af,s can be numerically

Define the target services and ES technology

Estimate K based on the desired responding

computed, and then the effective valuestfand R can be df/dt or the behaviour of the ESS
estimated. In this work, such measurements are obtained frg ¢
the real time simulation of the grid model, and hence reterre — , ,
. Perform the simulation of the expected input Compute necessary ESS power requirement
as simulated values. to the ESS according IR: (17) and/or PFR: (19) | ¥
The metrics for frequency response are based on the op- ¢ ¢
erational requirements and grid codes. According to the gri — - —
. . . . saluate its behaviour and contributin - \\mpucn.cccssﬂry energy requiremen
code from ENTSO-E [26], thédl{ is important in connection Fvaluate is be d contributing Hess according IR: (16) and/or PFR: (20)
with the ROCOF protection relays and it should not be ¢
greater than 0.5 Hz/s. This value of 0.5 Hz/s is used as tH

reference point in this work. However, no relays are pratigic (s msmtomeceny )

implemented in the grid model. Generally, these relaysgotot Fig. 2. Flowchart of the used methodology.

the distribution generation and violating of this limit rhig TABLE |

cause generation loss. According to [27], a ROCOF relay THE OVERVIEW OF THE GENERATION UNITS IN THEPSOAND THEIR
. . SELECTED PARAMETERS

has a typical delay in the range of 50 ms to 500 ms and

measuring windows from 40 ms to 2 s. In this study, the Power Power | Active | Droop | Inertial | Number
for the simulation evaluation is computed as an averagesvaly plant rating power | - (R)[] | constant) of units
of derivation in a time period between 0 and 0.5 s afte (S) IMVA] | MW] (H) Is] 1
the generation loss. The minimum instantaneous frequengy ©1 750 525 | 00500 | 10.0128]| 3/2"
after loss of generationff,:,) is defined as 49.2 Hz [28]. G2 640 400 | 0.0s00 | 8.3213 4

A lower frequency for a certain time period would lead to| ©3 384 250 | 0.0500 | 6.9344 2
an underfrequency load shedding; in this case, the specific G4 474 300 | 0.0500 | 6.6722 3
requirements vary between countries [26], [29]. The mimimu | Total 2248 1475 | 0.00111* | 8.3010*
acceptable quasi-steady-state frequengy)(is considered as | Total** 1998 - 0.00125* | 8.0868*

49.8 Hz [28]. Thef,, is computed from the frequency of the *the recomputed equivalent value for the actual PSO
system in steady-state, since only the PFR has been cosdider ** after the loss of one unit of G1

in the present work. [1l. THE POWER SYSTEM UNDER STUDY
The power system under study was based on the generic
C. Methodology 12-bus system for wind power integration studies, presente
[30]. It was modeled in RSCAD, and simulated in RTDS

Fig. 2 presents the methodology to identify the required E%%stem
; :

size (power and energy ratings) for meeting the targets ef The base case power system (PS0) has four CPPs and no
provi.d'ed services. For the sake of generglity of the method, PPs as shown in Fig. 3. Its main parameters are summarized
specific ESS t_e_chnolqu has been co_n_5|dered her_e. ..It €anReraple 1, where the recomputed equivalent value for the
however, m_od|f_|ed to mc_lude t_he specific chgra_cte_rlstume(t droop R is based on (5) and it was obtained as:

response, life-time considerations, etc) and limitati(pmver R g

and energy) of the ESS technology of interest. total = Nyorar — ST E 6)

i=1 R
The method uses the preliminary knowledge of the target Rpgo = M+ﬂfﬂ+ﬂ = 0.00111.
system, namely system siz6,(;), system inertia,), and (005 7 0:05 10.05 7 0:08
power/frequency characteristid.,,). The user has to decide The recomputed inertial constant for the system followed

the target power unbalance\P) and/or ROCOF %) for directly (2), and specifically it was obtained as:
which the ESS is going to be sized. These defined target vaIuesH 10.0128-750+8.3213-6404-6.9344-384+6.6722-474

lead to the target system inertial constaH{,4.:) and target oo — 83010 2248 )
system power/frequency characteristiG,(4.), according to PSSO = S 5
which the ESS is sized. The power/frequency characteristhggo of this system is

The target services demonstrated in this paper are freguef&9-2 MW/Hz before the contingency and 799.2 MW/Hz after
response services: IR and PFR. They are percepted as “Hig contingency. The parameters for the governor and terbin
power oriented,” with fast response and applicable for thets Models of the CPPs are given in the Appendix.
time periods (up to 15 minutes). The other frequency respons N order to achieve 50 % wind power penetration, the base
services, e.g. SFR and TFR, are considered to be "high eneRver system, PS0, was modified by replacing the conven-

oriented” and they are usually required for longer time gari tional power plants with wind power plants. The modified
They are beyond the scope of this paper. system was labeled as PS1. Four group of WPPs with a total



TABLE I
THE OVERVIEW OF THE GENERATION UNITS IN THEPS1AND THEIR 50 df/dt - ROCOF 8
SELECTED PARAMETERS protection relay limit
Power Power Active Droop Inertial | Number §49.8
plant rating power R) [1] constant| of units -
(S) [MVA] | [MW] (H) [s] [-] % 49.6
=
Gl 750 525 0.0500 10.0128 | 3/ 2** g
-
G2 320 200 | 0.0500 | 8.3213 2 =494
WPP 1178 750 0 0
49.2
Total 2248 1475 0.00234* | 4.5251* - | | .
Total* 1998 - 0.00305* | 3.8384* - 0 2 4 6 8 10

Time [s]
Fig. 5. Frequency responses for the PSO and PS1

*the recomputed equivalent value for the actual PS1
** after the loss of one unit of G1

— 13.8-18 kV
BUS 6 BUS 12

Sl f@om == 0
150 MW (.) @ A7 MVA
BUS 9 PP liners @095 Line 4-6 BY Ca - 200 mvar —
(Stack) 300km T 300km & | L2.02+
i BUS 2 BUS 10 15 BUSS 30§\; |_| I E
2 [t @oss =
750 MVA 250 MW 100 MW | ¢5 = 40 MVAr §
@09 640MVA @09 Line 4-5 5-04- J
150km 0.8 1 1 ETImC il 1.4 1.6 1.§]
11 . ine 2- Line3-4  F---q R A | P el A b |
B ’ﬁ Lllr(;zsr-“z i L400k2m5 e bouble Line V\/ df/dt — ROCOF protection relay limit —
100km 0.6+ _ -
@08 BUS 11 -- -dr;,’sdlt limit]
BUS7 Bulss _@_l_@ (') 5 4 p " 1.0
| Line 7-8
_@ 600km | ©— STRA Time [s]
v B+ Fig. 6. The for the PSO and PS1
1] 350 MW dt
-144 MVAr @095 TABLE Il
Fig. 3. 12-bus grid model for PSO. THE FREQUENCY RESULTS FOR THE SYSTEMS AFTER SUDDEN
BUSG T D GENERATION LOSS
L6 e
150MW1‘ ez sk | System [ Method || dffdt [Hz/S] | fumin [HZ] | fss [HZ] |
suss [ tnets €0 tne 45 1 <200 v PSO | Estimation 0.27 - 49.78
(Stack) 300km ! 300km = |—| | - - : -
L, Bus2__ Busi0 o BUSS — PSO | Simulation 0.25 49.65 49.78
1 @0.85
750 MVA 250 MW 100MW | ¢5 49 J.\,A, PS1 Estimation 0.57 - 49.47
@09 iT30MVA  ggg line 4.5 - -
WPP1 oo PS1 Simulation 0.53 49.30 49.46
u Line 1-2 Line 2-5 Line;-4
Kkm I 400km Double Line ) )
o | 192 "“J 100km been considered as the most severe case according to the N-1
aus7 v contingency for generation outage [23]. It has a nominahgat
-CO)H bl opa of 250 MVA. Prior to the event it was producing 175 MW

active power in steady-state. The frequency response dgaam
was observed in the cases PSO and PS1, and thus the effect of
increased wind power penetration in the frequency dynamics

was analysed. Afterwards, an ESS is sized to improve the
rating of 1178 MVA were connected to the system. The CPRgquency response.

G3 and G4 were completely removed and G2 was reduced
from 4 units to 2 units. The overview of generation units iB. Initial System Studies
the PS1 is shown in Table II, the recomputed values were

obtained similarly as in (6) and (7). After these Changeﬁmdels PSO and PS1 were simulated on the RTDS system.

the theoretical value of power/frequency characteriatic .
of this system, computed according to (5), has reduced (r)]e frequency response and the corresponding ROCOF for

428 MW/Hz before the contingency and 328 MW/Hz aft ; ees 9} rg:ﬁii Carer e'g;i:?;e%g; ri';f'tés,%a}]d_ﬁgh (;5 ,fre?,seeglvel
the contingency. It was assumed that the WPPs do not provid1 Y men °

emputed theoretically and also from simulated data. The

. . . C
IR and PFR and their active power output remains CorISt‘leoc{tained results are summarized in Table IIl, showing a

during the StUdY' '_I'he overv_lew_of the 12-bus grid model IBood agreement between the theoretically estimated and the
the PS1 scenario is shown in Fig. 4. . . -
) corresponding simulated values. Hence, the system indices
A. Generator Contingency for (H) and (R) can be used for quick estimation of the
The power system should be planned to withstand contisiystem dynamics. The simulated results are considered more
gencies like a loss of a major component [31]. In this workegliable since they account for the multiple machines armd th

the outage of the biggest generation unit, G1, in the systesn lsystem network. Hence, the inertial constant of PB%4;) is

-144 MVAr

Fig. 4. 12-bus grid model for PS1.

The outage of the 250 MVA unit in G1 in the power system



recomputed using (3) and using the simulated values ofifghe

v

IR
1 _»i -o.mn_Z | K pIR/ |

(i.e., 0.53 Hz/s). The resultaiitps; is then 4.13 s for the PS1. 1+0.05s| 7| dt ||/ Jowi [ 711+0.05s] i ,
The effect on the ROCOF, of introducing high wind power-f R (2 58
penetration levels in the system, is shown in Fig. 6 and @m _Z 1 0034/ |PprR T 5
fo

> > -
Table I1l. The 4 in PS1 is approximately double of the value /192 [Ress fo b
in the case PS0. The simulated curves show that, in this case, _ _
the ROCOF has a more oscillatory nature. The oscillations W@? Block diagram of the ESS control for IR and PFR sesice
the frequency are caused by the generators swinging againsg
each other. The difference betweéh,;,, and the nominal S
frequency is exactly two times higher in PS1 than in PSO.-¢
Similarly, the f,, difference is 2.4 times higher. When theseES
results are compared with the grid safety limits, one caF ©
observe that the limits are violated for tlfig, in both systems. §

However, in the case of PSO, there is a very small difference S|

from the target value. Thél in the PS1 is exceeding the 4970 4980 49.98 50.02 5020 5030
allowed limits of 0.5 Hz/s and has to be reduced. Thg, Frequency [Hz]
is not violated in any of the systems. Fig. 8. Effective value of the ESS droop.

deviation of+200 mHz. The PFR provider has to be capable
of delivering the service at least for 15 minutes. The droop
A. Modeling and control of the ESS Rpss value is equal to 0.0036 in order to deliver the ESS

The ESS controller comprises two parts — one for the IROMinal power §rxss) at £200 mHz frequency deviation.
control and the other for the PFR control, as shown in tdowever, the overall droop for the ESS reaches the constant
block diagram in Fig. 7. The two parts can be individually@lue of 0.0036 only in the regulated area. When the frequency
enabled or disabled. The outpyts; andppy are expressed deviation exceeds:200 mHz, the ESS gets limited by its
in pu and their negated sum is limited4o1 pu before scaling Maximum power rating, andizss varies according (4) as
by the nominal ratingSpss to produce the powePss to be Shown in Fig. 8.
injected into the grid. The negated sum is used such that e Inertial Response Control and Effective Inertia Contrib
the powerPggsys is positive for falling frequency and negativetion
frequency deviation. Thus, the power injected by the ESS int he |R control of the ESS is based on a derivative con-
the grid due to the IRp,r, and the PFR contributiomprr, ol [15], in order to provide synthetic inertia. The deadda
is given by, Prss = Suss - (pri + pren) prevents the ESS from reacting to small deviations in fre-

B8s pes B T EPER (8) quency. First-order low-pass filters filter out the noiserfribve
derivative signal and prevent sudden jumps as well. Mongove

The actual power exchanged at the ESSy, differs these filters introduce an intentional time delay in the ESS
from the power injected into the grid due to charging angksponse, which allows the frequency deviation to be oleserv
discharging efficiency. If the charging efficiencysjs and the over a larger part of the grid. Thus, other supportive uréts ¢

IV. ENERGY STORAGE SYSTEM

|Pess| < Sess

discharging efficiency isjs, Py is given by, participate in the response as well [5].
Prss The IR contribution of the ESS in the power system fre-
Py = 2 for Pess >0 (9a) guency dynamics can be assessed, by reformulating the swing
Pgss-ne,  for Pgsg <0, (9b) equation (3), and defining the ESS inertial constdili:{s)
as follows:

WhenPF,;; > 0 the ESS gets discharged, and it gets charged I B fo [df - 11
when P.;; < 0. The charging and discharging of the ESS ESS =PIR" 5 "\ oy (11)
affects its actual state of chargg€OC, which is given by If the influence of the deadband in Fig. 7 is neglected, then

SOC = SOCivial — S (Peyy) - dt 100 (10 the inertial response is proportional to the rate of charfge o
e FEgss ’ frequency4 as follows,
where SOC;,.:1iq1 1S the initial state of charge. For the sake ! B Kir df 12
of generalization, the SOC operation region is considered PIR = (1+s71)- (14 s72) \ar ) 12)

from 0 % to 100 %. After providing the service, the ESS is where r, and 7, are filtering time constants of 0.05 s

restored to th&OCyiriar by the SOC re-establishing strategyeach. If these time constants are ignored, (11) can be furthe

B. Primary Frequency Reserve Control prr = KR - <dt> . (13)

The PFR control follows the UCTE definitions and stan- Thus, the inertial response can be approximated by a gain,
dards for the continental Europe [28]. The nominal freqyend<; i as long a;r < 1 pu. Therefore K;r can be initially
is 50 Hz. The PFR is activated, when frequency deviati@stimated according the desired ESS response. For example,
exceeds+20 mHz from the nominal value. The total PFRhe ESS has to provide the nominal power %r: 0.5 Hz/s,
has to be linearly deployed within 30 s for a frequencthen theK ;i has to be equal to 2.



The value of Hpgs is dependent on the IR control gain Hn 2o(AP)-1 736 10" AP 156
Kr. For high values of( g, the ESS output power might get 300~
limited to its rated capacityp;r| < 1 pu, the corresponding

inertial constant would be lower. Thus, from (11) and (13 th

inertial constant” zss can be approximated as, <2 200
12}
m
jun
fo. Krr, for [prr| <1 (14d)
2 100
HESS ~ fO df ! ) H, (175)=44.32
5 (dt) , for |prr| > 1 (14b) LT —
0\ L 1 1 L L ? L Il Il It ]

Thus, according to (14) thH 55 remains constant, as long 0 50 100 Apl[i;)wl]” 200 250 300
as |pIR| < 1 and it starts to decrease for hlgh Values‘ng‘ Fig. 9. Inertial constant of the ES$ g s, for the differentK; r dependent
when|prr| < 1. on change in the power.

The ESS inertial constaii pgs is expressed as a function L2r ' ' ' — 1|
of AP, which directly affects thell of the system. Fig. 9 1 &L
provides an overview of the variation dipss vs. AP for 0 k0

L =20

different values ofK;g. For K;r = 1 and 2, the simulated
values of Hgss were found to be 19.81 s and 39.41 s respecg 0.6°
tively in contrast to the values 25 s and 50 s obtained throuc % ¢ 4
(14a); the fact that the inertia values were computed affier t o

contingency event when the delaying effegt= 7, = 0.05 s 027

cannot be ignored as approximated in (13). Forgp = 20, 0

the Hggg is found to be 44.32 s foAP = 175 MW. 0oL i
Based on the analysis of the obtained curves, three possit 0 1 2 3 4 5

approaches have been analysed. The first approach is fan a ge Time [s]

Krr =1, where theH s is constant for the whole range of % n;g' Je ESS RoWer outpupfss) for selectedK 15 and for power

the simulated power change. The second approach considers . ) o
a gaink;r = 2, where theH ;55 remains constant only until 19 % tolerance margin, the ESS nominal energy capacity is
the change in the power is equal to the largest generatien 14N by,

in the studied system (175 MW) and after this point it has a Erss = ESSu + ESSan = ([, pess(t)dt - ne+ (16)
decreasing tendency. In the third approaghy, is set at 20. +fbepEss(t)dt/nd) -1.1- Sgss,

In this case, the IR gets limited to;r = 1 pu as soon as
% > 0.05 Hz/s. TheHggs was compute according to (14b)
For different values of power outagé,P, the value ofHggsg
varies as shown in Fig. 9. Fak;r = 20, Hggs has been
approximated by a function, which was fitted for a curve wit
a coefficient of determinatio®? value equal to 0.9991.

where, b is the beginning time of providing the IR. is the
‘ending time of providing the IR, indicated by the first zero-
crossing of the ESS power outpytgfss).

The ESS is controlled here using a derivative controller to
Brovide the IR in such a way, that it emulates the inertial
response of synchronous machine and its inertial constant

Hyrroo(AP) = 1.736 - 10* - AP!1%6, (15) was determined. Alternative approaches for providing Re |
Such a function can be used in the frequency response amal%i“‘:h are _dlfferent from that of a synchronous machine, were
of the system during contingencies. proposed in [3], [34].

The ESS power output for these three valuedgf; , due
. . Iy V. FREQUENCY RESPONSE SERVICES PROVIDED BY
to the contingency of G1 which caused a power deficit of AN ESS
175 MW, is shown in Fig. 10. The IR lasts for a few seconds as ) ) ,
shown in Fig. 1. The energy delivered by the ESS during the IRAccording to the ENTSOE grid code, the maximum values
can be obtained by integrating the area under the power cuffethe ROCOF )%’ < 0.5 Hz/s and of the steady state
for the duration between the contingency event and the fifsequency errofAf,| < 0.2Hz for the 50 Hz system under
zero-crossing. The zero crossing indicates géauas changed study were selected as the design objective. The outage of
its sign and hence the need for IR is over in most of thgenerator G1 and subsequent power deficthéf = 175M W
cases involving single contingency events. In the evenbad | is considered the biggest contingency event.
outage, the frequency will increase, and the ESS will have toA generalized model of energy storage technology is con-
contribute to IR by absorbing power, i.e;r < 0, which sidered. Losses are incurred during both the charging asd di
implies charging of the ESS. charging of the ESS. Assuming equal charging and dischgrgin
The ESS should have stored enetjy S, so that it can efficiency, i.e.n. = nq = 7, gives the round-trip efficiency as
discharge and providg;z > 0 during generator outages and;. - nq = n? [14], which was assumed to be 85%.
subsequent frequency fall, while it should be able to absorbThe actual contingency size depends upon the system
energy, £SSy,, by drawing power from the grid and getconfiguration. In this work, a contingency of 175 MW has
charged. Therefore, accounting for the ESS efficiency abeden considered as the biggest contingency event for both



the load and generator outage. Therefore, the ESS is considsmatch (A P) in a contingency. In PS1B witlk; = 2, the

ered to provide identical services in the event of generat@quirement for the ESS power rating is 14%, i.e. 2.38 MW,

contingency, which needs frequency support upwards andhiigher than in PS1C, but thégss parameter remains constant

the event of load outage contingency, which needs frequertdiyring the operation. The energy requirement is lower by .39%

support downwards. Therefore, for a round-trip efficien€y dn PS1A, the ESS is not optimally utilized, as wiltyz = 1

n? = 85%, the initial SOC level of the ESS has to be set and the Hpss is only 19.81 s, so the ESS power rating

SOCinitiar = 54%. requirement of 44.13 MW is more than two times higher than
The power system PS1 with an ESS for different scenarios the PS1C scenario. Even the energy rating is higher than

of IR and PFR services provided from the ESS are listed that in PS1B. Therefore, the case PS1B withy = 2 was

Table IV as PS1A - PS1E, together with the parameters of tblkeosen to be used for providing IR+PFR services in the case

ESS and simulation results. The ESS output power profilBS1E.

are shown in Fig. 11 and the frequency profiles are presented

in Fig. 12. B. The PFR with ESS

. In the case PS1D, the PFR is considered as the only service
A. The IR with ESS provided by the ESS. The target value for tfig, after the

The ESS in this subsection is considered to be used ondgs of 175 MW of active power generation, is 49.8 Hz. Fol-
for providing IR. According to (2), % < 0.5 Hz/s for lowing (5), the target power/frequency characterishg,{ge:)
AP = 175 MW implies a target inertial constanti(,,,.;) IS obtained as: 175
of 4.4688 s. The power rating of the PS1 after the gen- Marget = ————— = 8T5MW/H z. (18)
eration loss §ps1), as shown in Table I, is 1998 MVA —0.2 _ .
and Hpg1= 4.13 s, as computed in Section IlI-B. Selectin? The value Aps; = 328 MW/Hz in the system PS1 is
Kir = 1, which relates toHzss = 19.81 s (Fig. 9), the TOWer than Ai.rgc:. Therefore,Apg; has to be increased by

required size of the ESS can be estimated using (2) as folloi2€ application of PFR service from the ESS. As the targeted
frequency is in the regulation area of the ESBggs is

Spss = Spsi - W’ considered constant and equal to 0.0036. The necessary powe
1908 4 16884 1goet (17) size of the ESS for providing PFR was computed based on (5)
19.81-4.46887 as follows:
=44.13 MW. Sess = (Ress - fo) - (Mtarget — APs1),
The total energy supplied during the IR against the generato Spss = (0.0036 - 50) - (875 — 328), (19)

outage was found to b&.9222 - 10~* pu. Assuming that the g
=985 MW.

ESS should be capable of absorbing the same energy amount Bes . . ) .

from the grid, and adding a margin of 10%, the nominal energyThe next step is to determine the required energy capacity

rating of the ESS turns out to be 0.0187 MWh. of the ESS which is necessary for providing PFR. The ESS
The power and energy ratings for the ESS for the thrég @ssumed to be capable of equally providing upward and

representative values dt;r have been computed using (16ffownward frequency regulation for 15 minutes. Taking into

and (17) and the results are summarized in Table IV. account the energy storage rpund—trlp efficiency equal %85
For all PS1A, PS1B and PS1C, t#é fulfils the operation the total energy of the ESS is computed as:

. . . treq'S Ve treq S
limits and the resulting ROCOF is even lower than expected. Epgg = eaipssle 4 LeaSoss

In comparison to PS1A and PS1B, the case PS1C shows an Epgg = 900'92650‘(\)/0.785 +4 (?8(?-‘9%.58 . (20)

improvement inf,,;,. Even though the ESS got saturated B 495 MWh
to 1 pu, the power was provided over a longer duration BSs = = :
(Fig. 11) due to the high value oK;r and it resulted in  The PFR from the ESS was based strictly on grid code re-
a higher demand of energy. Nevertheless, the PS1C has quéements [28]. Different ESS technologies might be cépab
lowest requirement for the ESS size, i.e. 16.99 MW. THe provide the PFR faster and more flexible as they may have
major limitation of the PS1C is the non-linear behavior f itlower time constants and faster reaction time [14]. This can
inertial constantH ss, which varies with the size of power further improve the grid stability.
TABLE IV
THE FREQUENCY RESULTS FOR THE SYSTEMS AFTER SUDDEN C. The IR and PFR with ESS
GENERA_T'ON LOSS WITH THEESSCOMPENSATION Usually the IR and PFR stages are separated in time domain
Case| Service | Spss| Epss || difdt | fmin | fas as shown in Fig. 1. However, these two services may partially
(MW] | [MWh] || [Hz/s]| [Hz] | [Hz] |  or fully overlap. Consequently, sizing calculations hage t
PS1A| IRk, ,—1 | 44.13| 0.0187|| 0.46 | 49.32|49.46| be done for both services, the IR and the PFR, but only
PS1B| IRk, ,—» | 19.37| 0.0163|| 0.47 | 49.32]49.46 the hig_her_power requirement is considere_d for the_ E_SS size
PSIC|IRx,,—20 | 16.99| 0.0260|| 0.47 | 49.35 | 49.46 determination. In_the case P_SlE, the requirement is imposed
PS1Dl PFR 985 | 295 052 | 4033 2978 by the PFR service, WhIC.h.IS equal to 98.5 MW. Based on
R Fhe results from the IR_smng, only thﬁ’,e = 2 is taken
I 98.5 | 49.6 0.34 | 49.40 | 49.78| into account for calculations. The IR requirement for egerg
*PFR has to be recomputed for the actual ESS nominal power. The

PS1E
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Fig. 13. Comparison of power outputs for the ESS and the CPPs.
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e The comparison of the CPPs power output and the ESS
4987 —PSID|| power output is shown in Fig. 13 for PS1E. The ESS has a
=
g [—PSIE| slower IR than the G1 and G2 as it was intended according [5]
2496 With Incrsasing IR With Increasing PFR] for frequency deviation being seen by both CPPs. Therefore
& the IR from CPPs is not reduced due to a very fast ESS

response. With the actual settings, the PFR from the ESS is

49.4
: also slower than in the case of the CPPs. In the overall @ictur
0 5 . p . 0 the ESS can generate power output similar to the CPPs.
Time [s] When a contingency leads to a large unbalance in power, the
) i ) L initial rate of change of frequency is determined by thetiaer
Fig. 12. Frequency profiles for the studied power systems i wind f th . hi h v af it h
power penetration and application of the ESS. of the rotating machines. The ESS can act only after it has

detected the ROCOF. So, when a large number of synchronous

generators have been replaced by the RES, the physicdainert
total ESS energy requirement of 49.6 MWh, is obtained by the system will be low, and hence the initial ROCOF wiill
summing the requirements for the IR and the PFR. The EgHd to be high. The ESS is expected to provide a fast response
power output for the PS1E scenario, shown in Fig. 11, h@$ counteract the high ROCOF. In the present implementation
a similar characteristic as the power output of a CPP, whighig_ 7), the rise time (i.e. the time for the output to in@ea
traditionally provides both IR and PFR. from 10% to 90% of the final value for a step input) for the

During the frequency recovery period after the nadir hagertial response controller output is 177.4 ms. Thereftive

reached, the power from IR is opposite to that of the PFRigh initial % would last for a short period of time before the
Such circumstances can be avoided by blocking the IR, whgfireacts. The ROCOF relays might have to be provided with
IR and PFR have opposite signs. a dead-time to account for the high initig} in the changed

scenario.
VI. DISCUSSION

The IR service from the ESS in the cases PS1A - PS1C
improved thej—fz metric and in the case of PS1C also the,..
In PS1D, not only thefs, was improved, as it was the target The paper identifies possible effects of high RES integnatio
of the PFR service, but also tr% and f,,;, were improved on the power system frequency response. The IR and the PFR
in comparison to PS1. This is due to the fact that the PFRiispower systems with high RES penetration are lowered and
linearly activated, when the frequency deadzone is crossidhen a contingency appears, the frequency operationaislimi
Hence, it contributes in the first seconds after the evemte exceeded. For supporting the frequency response, ESSs
In PS1E, the ESS provides the same PFR as in PS1D, kepresent a suitable solution for providing IR and PFR.
additionally it provides the IR from a 98.5 MW ESS. Because This paper presents a method for estimating the ESS size in
of its size, the% and f,.:, are highly improved to 0.34 Hz/s terms of power and energy so as to achieve the targeted system
and 49.40 Hz, respectively. The PS1E scenario provides thertia and power/frequency characteristics by providiRg
best results in terms of metrics and it requires the ESS aod PFR. In comparison to the IR service, the PFR service
have a nominal power of 98.5 MW and a nominal energy oéquires much larger power and energy ratings of the ESS as
49.6 MWh. it has to provide regulating power for 15 minutes, while the

Fig. 12 shows the frequency profiles for the cases PS1IR is active only for a few seconds. It is demonstrated that
PS1E. There is a visible improvement in the slowing drojfne same ESS can be used to provide both the IR and PFR.
of frequency by increasing IR in the first part. Moreover, thA generalized model of ESS was used in this study. Specific
rising steady-state level of frequency in the second part details pertaining to particular energy storage technolcan
caused by increasing PFR. be included afterwards in particular studies.

VII. CONCLUSION
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Fig. 14. Block diagram for governor and turbine model.
TABLE V
THE PARAMETERS OF GOVERNORS AND TURBINES MODELS.
Power
Tl T2 T3 T4 5 F [15]
plant
Gl 0.15 0 0.1 0.3 10 0.237
G2 || 0083 | 0 | 02 | 005| 5 0.28 [16]
G3 0.2 0 03 | 0.09 | 10 0.25
G4 12447 | 859 | 0.25 0 0.74 -2
Fossil steam unit Hydro unit

T1 Governor response time Control time constant

T2 Pilot valve time Hydro reset time constant
T3 Servo time constant Servo time constant
T4 Steam valve bowl time constant 0 for hydro governor
T5 Steam reheat time constant Water starting time constarttyfdro governor

F Shaft output ahead of reheater Max gate velocity for hydrbire [18]

In order to fulfill all operational requirements in the stedli

power system rated at 2248 MVA with high RES penetration9]

of 1178 MVA, (which is slightly over 50 %), it has been

found that an ESS of 98.5 MW and 49.6 MWh is needegy
for providing both IR and PFR. Moreover, it was shown that

the ESS can provide a similar response as a CPP does.

APPENDIX [21]

GOVERNORS AND TURBINES DATA

The governors and turbines models of the CPPs are shown
in Fig. 14 [35], whereAf stands for measured frequenc;t22

deviation, R for droop, A P, for the change in load set point

and AP, for the change of output power. Their parameters
settings are listed in Table V. 23]
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