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. . in the literature. Improved ESSs controllers based on Pls to
Abstract—This paper compares three control strategies for simultaneously regulate the active and reactive power for S
energy storage devices. Detailed formulations and implenméation perconducting Magnetic Energy Storage (SMES) and Flywheel

procedures of PI, sliding mode, and H-infinity controllers ae .o .
presented and discussed. The dynamic performance of eachrtrol ~ EN€T9Y Storage (FES) applications are presented in [1] 2hd |

technique is also studied and compared. With this aim, the gaer  respectively. In [3], a SMC strategy for a bidirectional DT
duly discusses a comprehensive case study based on the IEEE 1 converter to control the power of an Electrochemical Capaci

bus test system with inclusion of a wind power plantand an engy  Energy Storage (ECES) application is presented, wherdas [4
storage device. proposes a SMC technique to control a double-fed induction
Index Terms—Energy Storage System (ESS), H-infinity Control machine used as a FES. A comparison of Pl based two-loop
(Hw), PI Control, Sliding Mode Control (SMC). control and a SMC of a hybrid ESS is provided in [5]. Finally,
robustH,, based controls for ESSs are presented in [6] and [7].
o The interested reader can find examples of ESSs regulated
A. Motivation by Model Predictive and Fuzzy Logic controllers in [8], [9]
The control strategy that has been most widely applied &nd [10], respectively.
Energy Storage Systems (ESSs) is the PI, due mainly to itsThe models of the devices as well as the controllers predente
simplicity and easy implementation. It has been shown, ewe in this work have been carefully selected from the literattor
that the performance of PI controllers can be affected bpgba study the behavior of ESSs considering both voltage andeang|
in system operating point and/or topology. For these regsoatability analysis. Unfortunately, there is still no agremt on
alternative robust control strategies have been propasédel a general purpose — yet detailed — model for energy storage
literature for transient stability analysis of ESSs. Amdhgse, devices. The variety of available models is one of the re&sion
we cite Sliding Mode Control (SMC), H-infinity ControH(,), a lack of systematic comparison of different control sgas.
Model Predictive Control, and Fuzzy Logic Control. Desgte In this paper, all controllers are designed using a gereemali
the variety of control strategies for ESSs, still no compredive energy storage device model that we have proposed in [11]
comparison among such strategies has been provided yet. Hmd that is briefly outlined in Section Il for completeneskisT
paper discusses the mathematical formulation and implemén a fundamental frequency model with inclusion of relevant
tation as well as compares the performance of Pl, SMC adgnamics on the dc side of the Voltage Source Converter (VSC)
H., control strategies. The aim is to provide a fair testbed fthe proposed model is taylored for the time scales congidere
determine the features of each controller in terms of rofasst in this work. More detailed models of the VSC connected to the
against disturbances, e.g., line outages and loss of |@adb, ESS, as well as of its controllers could be considered, thg.,
uncertainties, e.g., wind power generation. EMT models proposed in [12]. However, such models are too
computationally demanding for the transient stability lgsia

. ~of interconnected power systems.
Several works that analyze the behavior of ESSs considering

different control strategies for both short term (e.g. siant C. Contributions

stability) and long term (e.g. planning) time scales cancu®l  pegpite the variety of studies on ESS controllers that can be
found in the literature, there is a lack of works that focus on
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|. INTRODUCTION

B. Literature Review




o A fair and comprehensive comparison of the dynamic

TABLE I: Examples of energy storage technologies.

response and features of each considered control strategy. Types of Potential Var. Flow Var. Device
The case study is aimed to determine the robustness Storable Energy _
. . . | Magnetic Magneto Motive | Flux SMES
of the controllers against uncertainties, as well as their Force
performance against contingencies and large disturbance$ Fiuid Pressure Mass Flow CAES
Electrostatic Electric Potential | Electric Current| ECES
D. Paper Organization Electrochemical | Electrochemical | Molar Flow BES
i . i Potential Rate
The paper is organized as follows. Section Il presents thé Rotational Angular Velocity | Torque EES

structure of a VSC-based ESS connected to the grid, and

describes a general model of the ESS device. Section Alrkd fixed number of Differential Algebraic Equations (DAES)

desEnbez (tjhe three (t:t?n}rol strat;a_glesdfor ItESSS Studdlcfcm tfor all storage technologies. Both features highly sinyptlie
WOrK, and dISCusses their respective advantages an ormulation and implementation of the control strategies tire

A comprehensive case study based on the IEEE 14-bus_ SYStilussed in this paper. Despite these simplificationspibeel
to understand the performance of each control technique |

. . . : ) U€ Shsidered in this paper appears to be accurate and ap@i@xim
prc:jwdettlj_ n Sfetctlon |V.deI_na||)tl., Section V draws Cor]Clusmndetailed models well more than other overly simplified ESS
and outiines future work directions. models that can be found in the literature. A comprehensive
discussion on the accuracy of this generalized ESS model
(GEM) is discussed in [11].

Figure 1 shows the scheme of an energy storage devj]cee-\r/iréi illsngslrér?rge.-lnvanant expression of a generic storage
coupled to a grid. The objective of the ESS is to regulate a y:
measured signal, say, of the system (e.g., the frequency of

the center of inertia, or the active power flowing through a I.%—A A B B K
transmission line.). The VSC is modelled using the balanced = o Aszz  Bautt + Bevtiae + K

fundamental frequency model proposed in [13]-[15], which ide = Co® + Coz + Dyu + Dyvae + Ki

includes dc circuit and phase-locked loop (PLL) dynamics g&ere the state vectar are the potential and flow variables
well as an average quasi-static phasor model of the comveig,eq 1o the energy stored in the ESS shown in Table I, while
and an equ_lvalent model fo_r 5W|tch|_n_g losses. The intedeste gan4g for all other variableg; is the output signal of the
reader can find detailed transient stability models of teeneints storage controlp,. andiq. are the dc voltage and current of
gnd controllers that regulate the dynamic response of tfe E§, VSC, respectively; an®® = diag[l’, T] is a diagonal

in [11]. matrix such that [16]:

I';; = 1 if the i-th equation offz” 277 is differential;

I';; = 0 if the i-th equation offz” 277 is algebraic.

+ Note thatu, vq. andig. are scalar, whereas all other quantities
are vectors. Equation (1) is written far, z, u, vq. andigc, not
the incremental valueAx, Az, Au, Avgq. andAiq.. With this
aim, K,, K, andK, account for the values of the variables at
the equilibrium point.

The dynamic order of (1) is reduced, assuming that the tran-
— sient response of the variables anare much faster than those
= N _*Q of x (i.e.,I', = 0). Note that non-singularity of matriA ., is

Tzdc + required. Therefore, after computing the Schur componehts
z, and rewriting the matrices in compact form, the following
set of three DAEs is obtained:

Il. SCHEME AND MODEL OF THEENERGY STORAGE
SYSTEM

I‘Im = AII.’I} —|— Amzz + Bzuu + Bzvvdc + KI
)

Grid -

Storage Control ~ Storage Device

A
urof I'e =Ax =+ Buu + BdeC + Km

Figure 1: Scheme of an ESS coupled to a grid. ige = Cx + Dyu + Dyvge + K;

)

Model of the Energy Storage Device Finally, the actual value of the energy stored in the device

. . . can be computed as follows:
A generalized model of energy storage devices is used to

simulate the dynamic performance of the ESS. This model n _ _

; ; : ; E:Z. 2P B A3)

is based on the observation that most ESSs include potential ' P\ — X

and flow variables (see Table 1), and are connected to the grid i=1

through a VSC device. The storage devices are thus modeldierep;, 5; andy; are the proportional coefficient, exponential

as a dipole connected to the dc side of the VSC of Fig. &oefficient and reference potential value of each variable

The main advantages of this model are its linear structurespectively.



The following are relevant remarks on the general model (2jplementation in power system simulation softwares, ded t
and are also the main conclusion of [11]: simplicity in the design process. However, some works show

« To obtain the GEM in (2) and (3), the linearization proced3oW changes in system topology, as well as operation pdiats t
is applied to the equations of the storage device modéiffer from the one for which the PI was designed, may affect
solely. Therefore, energy limits, VSC current limits, anghe performance of the overall system. In some cases, these
VSC controllers nonlinearity and controlled quantity limi changes may lead to instability [5]. This fact has inspiree t
are preserved (see, for example, Fig. 2 and other contfgvelopment of more advanced and robust control techniques
schemes provided in [11]). Simulation results provided iim to substitute or complement the PI regulators. Exampies
[11] allows concluding that such an approximation dodbese alternative controllers are SMC aHd, control, which
not reduce consistently the accuracy of (2) with respect &€ described in the remainder of this section.
the fully-fledged nonlinear ESS model. B. Sliding Mode Control

« To improve the accuracy of the general model above, the . . . :
matrices in (1) are computed for a median value of t eThe SMC is a nonlinear control technique that can be applied

stored energy, i.e., a value equally distant from upper a %variable structu_re systemse., systems.that can be mod_eleq
lower energy limits. as a set c_)f continuous subsystems with a proper switching
) . control logic [18]. Hence, the SMC can be straightforwardly
The steps to setup each control strategy considered in thigjieq to the ESSs that include a DC/DC power converter,
paper are as follows: such as SCES, SMES, and BES [3], [4]. The switching control
1) Main parameters of the ESS are defined through detailegic applied by the SMC, which generally commutes at a high
model of the device using data provided from manufagrequency (kHz), allows the state of the system to follow a

turers. desired trajectory, referred a$iding surface S. If this surface
2) Matrices of the GEM are obtained using the procesgtisfies certain requirements of existence and reactyatile
explained above. motion associated to the SMC is invariant under bounded
3) The control strategies are implemented based on the GEMcertainty conditions.
and tested through time domain simulations. SMC in Linear SystemsThe linear structure of the GEM
4) Finally, the controller can be directly implemented foet described in Section Il highly simplifies the implementatiof
original detailed model of the storage device. SMC on ESSs. A linear surfac® for the system described in

IIl. ESS CONTROL STRATEGIES (2) is considered:

This section describes the three control strategies ceresid S = swit + 85, (€1 — @10) + 505 (T2 — T20)

in this paper, namely PI, SMC ard.. in subsections IlI-A, = swxt + Sz (T — x0) (4)

llI-B and 1Il-C, respectively. For the SMC anH., the math- 00, is the filtered deviation of the measured sigwab be
emat!cal formula‘uop is also prowdgd. Relevant remarks %gulated (see Fig. 2)i1, andzyo are the values of;, and s
practical gnd nlumelrlcal mplementa‘uons of these corersiare at the equilibrium point around which the detailed modelraf t
also provided in this section. storage device is linearized in order to obtain the GEM in (2)
A. PI Control respectively; andy, ands, = [s., s.,| are control parameters.

. _The discontinuous output signal of the storage controtan
A common scheme of a Pl-based controller for ESSs b rewritten as the sum of two terms. as follows:

depicted in Fig. 2. This controller takes the deviations of a

measured variable of the system, and is typically composed U = Ueq — Ky sign(S) )
of a dead-band block, a low pass filter, a Pl regulator, a
a block referred to as Storage Input Limiter, designed
smooth the transients caused by energy saturations ofdragst

Q\ﬂwereueq is the continuous component of the control during the
chiding mode operation; ané,,. is a positive gain designed
to reduce the effect of external perturbations and dishoés.

device [17]. If sliding mode operation is reached at a timg,., then
Pl control _Storage Input Limiter S§=8=0fort >tg,.. Therefore:
Dead-band 3’ Kp ; |A | Umax S = Swibf + Smi =0 (6)
: U N u . .y
w | AN NN U / _ % During sliding mode;i; = 0, thus, from (2):
- 1+sT% 3 K |z, B ) . .~ - - -
Lo S i $=s07" [Az+Bu+Bua+ K| =0 (D
w e T T

Finally, the continuous component of the contrel,, can be
computed as follows:

In Fig. 2, the PI controller is composed of a proportional - 1oL - _
gain, K,,,, and an integrator with gaik’;,, and integral devia- ~ %ea = — (sz‘ Bu) 22 [Aw + Bovae + Km} (8)
tion coefficient Hy. The most common design processes for N
these gains are trial-and-error and pole-placement tqoksi Therefore, SMC can be applied to the ES -i'ifzI"lBu)
Therefore, the main advantages of this controller are ay eaxists.

Figure 2: Pl-based storage control scheme.



The robustness against disturbances makes the SMOokdained by solving two Riccati equations of the same order a
promising alternative to Pl controllers. However, the maithe system. The Fortran libraisLicoT is used to solve these
drawbacks of SMC are its involved implementation for norequations [20]. The output provided by this library are thear
linear systems, and the so-callgldattering(i.e., high frequency matrices of the lower block in Fig. 3, that are used to compute
oscillations derived from deviations from the ideal matla¢ical the storage converter input variabte,
model, such as small delays, deadbands and hysteresis).

C. H-infinity Control

Given a linear system, the design ofldg, controller consists
in finding a feedback matrix that makes the closed-loop gsyste Since the controller is designed in order to minimize the
stable and minimizes the influence of external perturbatidis- Ho. norm of the closed-loop transfer function frainto z, the
turbances and noises in the output of the system, i.e., riiasn closed-loop system is robust under bounded perturbatinds a
the H,, norm of the closed-loop transfer function (see Fig. 3)ncertainties in the system. The main issue regardindithe
[61, [71, [19]. controllers is that its design is limited to linear or linead
systems exclusively.

Cooiboo + Doo (10)

d Z
— Syster‘rj — IV. CASE STuDY
.= f(x,du)
u Y
@ SYNCHRONOUS
GENERATOR
K ~
WIND
@ POWER PLANT

Figure 3: Standard problem &f . @ YN us
o for ESSs: The reduced order of the GEM in section 11,&/ M

along with its linear structure, allows designing the linea
controller K, for ESSs in a systematic way. Using similar
notation as in (2), the equations of the upper block in Fig. 3
can be written as follows:
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where:

o &= [11 722 2,])T, Wherez; andz, are the state variables
of the system in (2); and,, is the output of the integrator
in Fig. 2; This section provides a comparison of the dynamic response

o d = [zfvac|" are the external perturbations; of the three control strategies discussed above, i.e.,NBG &nd

e Z = x, — Kyu is the regulated output signak(,, is a H,,. With this aim, the IEEE 14-bus test system (see Fig. 4)
positive weight coefficient to couple the output of the Pk used for all simulations. This benchmark network cossist
controller and the converter of the storage device. of 2 synchronous machines and 3 synchronous compensators, 2

o ¥ = [avac]" are the measurement outputs of the systemwo-winding and 1 three-winding transformers, 15 transiois

Suboptimal solution forK,, can be found by solving two lines and 11 loads. The system also includes primary voltage

algebraic Riccati equations. With this aim, the following a regulators (AVRS), turbine governors and an AGC. All dynami
sumptions about the system matrices have to be satisfied: data of the IEEE 14-bus system as well as a detailed disgussio

Figure 4: IEEE 14-bus test system with an ESS device conmeotdus 4.

i. Dy;=0andDy =0; of its transient behavior can be found in [21]. Some modifica-
i. rankDiy = dimu = 1; tions have been made in this network to study the interaction
jii. rankDy; = dimg = 2; of the storage device with the rest of the system:

: iwl.— A B » The capacity of the synchronous generator placed in bus 1
iv. rank [/973 2

¢, Du} = dimz +dimu = 4, is reduced by 5 times its original value.
« The synchronous generator placed in bus 2 is substituted by
a60-turbines wind power plant of the same power capacity.
jwl; — A By « A 30 MW ESS is connected to bus 4.

C, D>, In this paper, the stochastic process applied to the wind
for all real w. follows a Weibull's distribution [22]:

Once the system in (9) is defined, and all previous assump-
tions are satisfied, nearly optimal solution for the conérois

for all real w;

V. rank

} =dim& +dimyg = 5,

Vw

flow, cw, kw) = k—ka_lef(ﬁ)kw (12)

kW
CW



wherew,, is the wind speed, and, andk,, are the scale and
shape factors, respectively. Time variations of the winelesi
&w(t), are computed as follows:

1 -
Ine(t) * B
Ew(t) = <—T> (12) (q 7%
where(t) is a uniform variate generator of random numbers £ 5o}
(v € [0,1]). Finally, the wind speed is computed setting the
initial average speed? determined at the initialization step as 48p
mean Speed: 0.0 IO‘AO 26.0 36.0 r10‘A0 56.0 60.0
Ow (1) = (14 &w(t) = &5 (13) Time ]
where&? is the average value &, (t). To emulate the auto- 1.003f e —
correlation of the wind speed, i.e., to avoid unrealistdéen | | 14-bus System+ESS (P1)
jumps, the wind speed is processed through a low pass filter oozt -~ 14-bus System+ESS (SMC) ||
before entering into the wind turbine equations. : s l-bus System+ESS (H)

Values of the mean wind speed, scale and shape factors @j = """[

taken from [23]. Two wind profiles (low and high mean wind
speed) have been used in the simulations, and data have bee
collected from the months of December and August at the heigh
of 65 meters, respectively. ‘ ‘ ‘ ‘ ‘

Two scenarios have been considered to study the performanc o0 100 o TS’SJ’M " o o0
of the ESS applying the three control strategies: in Subsec-
tion IV-A the system faces a line outage, whereas a loss of
load is considered in Subsection IV-B. LO0OL

weor [pou]

-

0.999 -

1.0002

1.0

A. Line Outage
In this subsection, the contingency is the outage of the lie ?"499”‘3’

p.u)

O]

that connects buses 2 and 4 tat= 25 s, during low wind 3 oo00s|

(Fig. 5) and high wind (Fig. 6) periods. The wind speeds — PIControl

corresponding to this profiles are shown in Figs. 5() and,6(a  “™[| \~ i Coneee

respectively. The system variable regulated by the ESSes th 099961 = - — = - o
frequency of the center of inertiav¢or), and its evolution is Time |5

depicted in Figs. 5(b), 5(c) and Figs 6(b), 6(c) for the gyste

without storage device and with storage regulated usindgy eac
one of the control strategies in Section Ill. For each cdiero _
same control parameters are used in both scenarios in orde =
to check how different operating conditions can affect rthei 3
performance. The three controllers are able to greatlycreddd)
the frequency fluctuations of the system before and after the < -ooz;
line outage and for the two wind profiles. In both cases, the

0.02

0.01F

—0.01f

Active Power

— PI Control
---- SMC

ESS

—0.03 1

H., control appears to smooth these fluctuations slightly bette - - Hy Control
than the other techniques. ) 100 200 300 100 50.0 50.0
Finally, Figs. 5(d) and 6(d) show the active power con- Time [s

sumed/provided by the ESS. Positive power indicates theat fgure 5: Response of the 14-bus system with an ESS follotiagopening of
ESS is storing energy, and vice versa. Before the line outhge line 2-4 for a low wind profile. (a) Wind speed. (b), (c) Fregag of the COI.
three techniques have a similar behavior. After the ocogge (@) Active Power of the ESS.
of the contingency, however, high frequency oscillatioas be
appreciated for the SMC, due to the effect of the chatterifggcurs att = 25 s during a high wind period (Fig. 7(a)). The
commented in Subsection IlI-B. regulated variable is again thg.o1, and its evolution is shown

It is relevant to note that the wind speed variation, arll Figs. 7(b)and 7(c). The loss of the load causes a peak in
therefore, the change of the initial operating point, does nthe frequency greater than5% (~1 Hz) that is not acceptable

affect the good performance Of any Of the Controners_ for the System. The inCIUSion Of the ESS reduceS th|S peak to
about0.6% in the case of the SMC, and abott3% in the
B. Loss of Load case of Pl andl,, controllers. As in the previous cases, the

To study the performance of the ESS regulated by the thrHg, control behaves slightly better than the others during the
controllers facing a large disturbance, the loss of loacheoted transient, but the performance of the three is fairly simiefore
to bus 9 is simulated in this subsection (Fig. 7). The comtimay and after this transient. As in the previous example, theaese
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Figure 6: Response of the 14-bus system with an ESS follotiagopening of Figure 7: Response of the 14-bus system with an ESS followfiadoss of the
line 2-4 for a high wind profile. (a) Wind speed. (b, (c) Fregoe of the COl. load at bus 9 for a high wind profile. (a) Wind speed. (b), (®dtrency of the
(d) Active Power of the ESS. COl. (d) Active Power of the ESS.

of the controllers is not affected by the change in the opegat

condition that derives from the disconnection of the loatl. A

three control strategies appear thus robust with respettigo

loss of load considered in this study. limits of the energy stored in the device are consideredireig
Figure 7(d) depicts the active power consumed/provided Bitows the response of the system for the same scenario as in

the ESS. The SMC shows relatively high oscillations after thig. 7, except for the initial state of charge of the ESS, that

disturbance, due to the time that this controller requioegtich assumed to be closer to its upper limit. At about 60 s, the

the sliding surface. For th8,, technique, on the other handstorage device regulated by thke, control is not able to store

shows a quicker response but, because of that, also a greatere energy, causing a variation in the frequency of greater

storage of energy in the device is required. This fact isveeleif amplitude than after the loss of the load.
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Figure 8: Response of the 14-bus system with an ESS followlegloss of

the load at bus 9 for a high wind profile and considering endirgits of the
storage device. (a), (b) Frequency of the COI. (c) Active &ouf the ESS.

V. CONCLUSIONS

In this paper, different control strategies for energy afer
devices are discussed and compared. In particular, thierpa
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[10]

[11]

[12]

[13]

[14]

[15]

16]

focuses on the commonly-used PI control, as well as on the

more advanced and robust Sliding Mode diig, controllers.

The features of these control strategies are highlighted, 4t

their formulation and implementation are explained in deta
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