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Asymptotic internal model
based coordination of a flywheel
energy storage matrix system

He Cai *

School of Automation Science and Engineering, South China University of Technology,
Guangzhou, China

This paper considers a dual objective distributed coordination problem for a
flywheel energy storage matrix system. On one hand, the power output of
the entire flywheel energy storage matrix system should track its reference
command, which is generated by a linear command generator. On the other
hand, the state-of-energy of all the flywheels should be balanced. In contrast
to the existing result which employed a common state-of-energy generator
as the external model by making use of global system information. By taking
advantage of average consensus algorithms, a novel asymptotic internal
model based control method is proposed in this paper which eliminates the
need of the external model. Itis proven that the steady-state of the asymptotic
internal model turns out to be a common state-of-energy generator for all the
flywheels under the composite average consensus algorithms, which lends
itself to the solution to the dual objective distributed coordination problem.
Comprehensive case studies in different scenarios are conducted to examine
the performance of the proposed control method.

KEYWORDS

flywheel energy storage system, average consensus, internal model, multiagent system, state of
energy

1 Introduction

Flywheels have many merits in comparison with other types of energy storage
units, such as high energy density, fast response, low maintenance, long life-
time and environmental friendliness. For example, the traditional applications of
flywheel energy storage include power quality improvement Akram etal. (2020);
Jia et al. (2022) and uninterruptible power supply Gengji and Ping (2016); Li et al. (2018).
While, for these scenarios, in contrast to flywheels, batteries or super-capacitors
can barely last for over a decade since the cycles for these applications are
too frequent. By storing energy as the Kkinetic energy in the rotational mass,

Abbreviations: AIM, asymptotic internal model; CG, command generator; DCO, distributed
command observer; FESMS |, flywheel energy storage matrix system; SOC, state-of-charge; SOE,
state-of-energy.
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flywheel energy storage systems can be implemented
in many practical situations Amiryar and Pullen (2017);
Arani et al. (2017); Mousavi et al. (2017); Faisal et al. (2018);
Olabi et al. (2021); Choudhury (2021); Li and Palazzolo (2022).
There have been thus far various design and control methods
developed for flywheel energy storage systems, such as
the neutral-point potential control LiZ. etal. (2022), active
disturbance rejection Changetal (2015); Ghanaatian and
Lotfifard (2019), wide speed range operation Zhang and
Yang (2017), DC-link voltage control Zhang and Yang (2018);
Gong et al. (2020), Zhang et al. (2021);
Liang etal. (2022), and learning based intelligent control
He etal. (2022); Yin and Li(2022), just to name a few. On

the other hand, flywheels have recently found applications

robust  control

in many new areas, such as energy management for

railways ~ Canovaetal (2022);  LiJ. etal (2022), offshore
wind farm  power transmission  Daoud etal. (2016);
Tomczewski et al. (2019), vehicle energy  harvesting

Ahamad et al. (2019); Thormann et al. (2021), and so on.

Though flywheels are competitive in energy density,
they have relatively low power density. To solve this issue,
a possible way is to connect multiple flywheels together
into a flywheel energy storage matrix system (FESMS). An
important application scenario for FESMS is to support wind
turbine generator system Cao etal. (2016); Laietal. (2018);
Weietal. (2018); Sunetal. (2020). Some pioneering works
have been established on the design and control of FESMS.
In Cao et al. (2016), a fully distributed dispatching algorithm for
FESMS was proposed, which does not rely on central controller
and requires no prior knowledge of the communication network
topology. Laietal (2018) developed a coordination control
scheme consisting of a charge-discharge control strategy and
a safeguard mechanism for a FESMS with an aggregated
connection topology. A simple but effective neuroadaptive PID
control algorithm for adjusting the flywheel speed to achieve
timely charge or discharge of the unit was derived. To solve the
problems of over-charging, over-discharging, and overcurrent
caused by traditional charging-discharging control strategies,
Shietal. (2019) proposed a charging—discharging coordination
control strategy based on the equal incremental principle, which
aims to minimize the total loss and establish a mathematical
model of optimal coordination control with the constraints
of total charging-discharging power, rated power limit, over-
charging, over-discharging, and overcurrent. Two novel control
strategies based on event triggering and self-triggering were
studied in Sun et al. (2020) for the cooperative operation of a
FESMS. Different from the traditional sampling mechanism, a
periodic sampling-based event-triggered condition based on the
disagreement vector and the measurement error was proposed
for solving the FESMS dispatch problem.

Regarding the upper level coordination of a large scale
integrated energy storage system, there are mainly two
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fundamental control objectives. On one hand, the total power
output of the integrated energy storage system should meet its
reference command so as to provide timely qualified service
to the grid, such as frequency or voltage regulation. On
the other hand, the state-of-charge (SOC) or state-of-energy
(SOE) of all the energy storage units should be balanced so
that the maximum power capacity of the integrated energy
storage system can be maintained for all the time. Seminal
works on the dual objective coordination of battery energy
storage systems can be found in Luetal (2014, 2015); Cai
and Hu (2016); Morstyn et al. (2016, 2018). While, there have
been less efforts devoted to the dual objective coordination of
FESMS. In Zhang et al. (2022), allocation of the total charging
and discharging power of wind farms to individual flywheel unit
was considered, where SOE consensus algorithms under both
undirected and unbalanced directed graphs were developed.
Nevertheless, Zhang et al. (2022) does not consider the specific
dynamics of the flywheel systems. In contrast, Liu et al. (2021)
studied the dual objective coordination of FESMS taking into
consideration the detailed flywheel dynamics, where it is revealed
that the dual control objective can be achieved if and only if the
SOE of each flywheel converges to a common SOE generator,
which was shown to be a nonautonomous dynamic system
with the reference command for the entire FESMS as the
external input. By explicitly implementing this nonautonomous
dynamic system as an external model, the coordination
problem for the FESMS was solved in Liuetal. (2021) by a
distributed control approach. However, a drawback of this
control approach lies in that the implementation of the external
model depends on the system parameters of all the flywheel
systems, which are global system information. Therefore, this
control approach might not be realistic in some practical
cases.

To further solve this issue, in this paper, a novel control
method is proposed to solve the dual objective coordination
problem for a FESMS. By taking advantage of average consensus
algorithms, a novel asymptotic internal model based control
method is proposed in this paper which eliminates the need
of the external model as in Liu etal. (2021). It is proven that
the steady-state of the asymptotic internal model turns out to
be a common state-of-energy generator for all the flywheels
under the composite average consensus algorithms. Then, by
driving the SOE of the flywheel to this asymptotic internal
model, the dual objective coordination problem for FESMS can
be solved in a fully distributed way. Moreover, it is shown by
numerical simulations that the proposed control method shows
potential robustness against unreliable communication links,
power output saturation, and inter-system time-delay issues.

The rest of this paper is organized as follows. The notation
used in this paper are summarized in Section 3. Section 4
introduces the problem formulation. The design and analysis of
the asymptotic internal model based coordination are detailed
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in Section 5. Comprehensive case studies are given in Section 6.
Finally, this paper is concluded by Section 7.

2 Notation

R denotes the real number field. For x; e R", i=1,...,m,
col(x),....x,,) = [xlT,...,xZ;,]T. 1,=col(l,...,1) e R". Agraph G =
(V,€) consists of a node set V = {1,...,N} and an edge set £ C
VxV.Fori,j=1,2,...,N,i#j,an edge of £ from node i to node j
is denoted by (i, j), and node i is called a neighbor of node j. Let \V;
denote the set consisting of all the neighbors of node i. If (i, ) € £
if and only if (j,i) € £, then the edge (i,j) is called undirected.
If all the edges of a graph are undirected, then the graph is
called undirected. If G contains a sequence of edges of the form
(i151)5 (55 13)5 .., (igs igy1)» then the set {(i, i), (5, 13) .., (i gy )}
is called a path of G from node i, to node i, and node i, is
said to be reachable from node 7,. For an undirected graph, if
there exists a path between any two different nodes, then it is
called connected. A graph G is said to contain a spanning tree if
there exists a node in G such that all the other nodes are reachable
from it, and this node is called the root of the spanning tree. A
matrix A = [a;] € RNV is said to be a weighted adjacency matrix
ofagraph G ifa; =0;a;>0 (j,i) € &and a; =0 & (j,i) ¢ €.
Moreover, for an undirected graph, a; = a;;. Let £ = [I;]] € RVN
be such that [; = YN 1% if i#j. L is called the

j
Laplacian of G associated with the weighted adjacency matrix A.

and lij =-a;

3 Problem formulation

Consider a FESMS with N heterogenous flywheel systems.
Fori=1...,N,asin Liu et al. (2021), the SOE dynamics of the ith
flywheel are given by:

2B

< 9i0-

1

2y,
—Ip.(t
(1)

1

$;(0)=— (1)
where ¢,(1),1;, B,; denote the SOE, flywheel inertia, and friction

2

nax With @

coeflicient, respectively. y,=1/w denoting the

imax
maximum admissible angular velocity of the ith flywheel. P;(f)
is the net power output of the ith flywheel, where P;(f) > 0 means
power flow from flywheel to the grid, and P;(t) < 0 vice versa.
Here, P,(t) is taken as the control input.

Let

™M

I
—_

Prggys () = ) Pi(t)

1
denote the power output of the entire FESMS, and Pyp(f) denote
the reference command for Pppqs(t), which is assumed to be

generated by the following command generator
o () = Syt (£) (2a)

Prpr (1) = Coty (D) (2b)
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where 7,(t) € R? is the internal state of the command generator,
S, € R4 and C,, € R are constant matrices.

The communication network for the FESMS together with
the command generator is modeled as a graph G=,E), where
V=1{0,1,...,N} and £ € {V x V}. Here, the node 0 is associated
with the command generator, and the node i is associated with
the ith flywheel of the FESMS. For i=0,1,...,N, j=1,...,N,
(i,j) € € ifand only if the jth flywheel can receive the information
from the command generator or the ith flywheel. Let G = (V,€)
be a subgraph of G with V={1,...,N} and £=En{VxV}
Let A = [aij] e RNV*DXIN*D) be the weighted adjacency matrix of
G and L be the Laplacian of G. The following assumption is
imposed on the communication network.

Assumption 1. The graph G contains a spanning tree with node
0 as the root. Moreover, the graph G is undirected and connected.

Assumption 1 means that the information of the command
generator can be transmitted to each flywheel system through a
communication path.

Now, the dual objective coordination problem for the FESMS
is described as follows.

Problem 1. Given systems (1), (2) and the communication
network G, design a distributed control input P;, such that

lim (Prgsus (1) = Prerp (1) = 0, ©)
and fori,j=1,...,N, i #J,
lim (¢, (0~ ¢;(1)) = 0. (4)

The control objective 3) means that the power output of
the entire FESMS should meet its reference command, while
the control objective 4) means that the SOE of all the flywheels
should be balanced. To simultaneously achieve these two control
objectives, the following lemma is established in Liu et al. (2021).

Lemma 1. (Lemma 1 of Liuetal. (2021)) The following two
equations simultaneously hold

Prggys (1) = Prep (1) (5a)

$;(D=¢;(0, i, j=1,..,N, i#] (5b)

ifand only if, for i = 1,...,N, ¢,(t) = v, (t), where y,(t) is governed
by

Vo (1) = oy (1) = By Prep () (6)
with
N Bvi
221‘:1 71 5
&y = 1. > ﬁO = I. . (7)
ZN il ZN i
=Ly =y,

Lemma 1 reveals that the power tracking and SOE balancing
control objectives together limit the SOE trajectories of all the
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up-layer of distributed command observer

command B SR
generator .

inter-agent

. . . information
information flow ™) [ & -

o )

FIGURE 1
The inter-agent and local information flow regarding the
two-layer control (8) and (9).

Sj.j €N
)l Si
n;,7 €N; [—V:]
>l i
CjjeN;
C;
— —_—
[ P, rEF ]—b
0,5 € Ni
A 0
&,ieN; (- B b
>l &
®j,J €N; [
Pi |—>
FIGURE 2

Information flow among the three parts of the control law
(8)-(10).

flywheels to the solution of some common nonautonomous
dynamic system (6), which is depicted by the system parameters
of all the flywheels and takes the power reference command
for the FESMS as the external input. Note that the system
parameters B,;, I; and y; of all the flywheels are global system
information. By directly taking system 6) as an external model,
a distributed control approach was proposed in Liu et al. (2021)
to solve Problem 1. However, the implementation of system 6)
would not be possible without the acquirement of global system
information and thus might not be feasible in practice. In this
paper, an asymptotic internal model based method is further
proposed to solve Problem 1, where, as will be proven later,
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system 6) turns out to be the common steady-state of all the
asymptotic internal models of the flywheels. In this way, global
system information is no longer required to solve Problem 1. The
details of the asymptotic internal model based coordination will
be given in the next section.

4 Asymptotic internal model based
coordination

For i=1,...,N, the control law for the ith flywheel system
consists of the following three parts:

1. Up-layer of distributed command observer

N
$:(0) =pg Y ay (S-S (1)) (82)
j=0
N
G =pc ) a;(C(-Ci(1) (8b)
j=0
N

i1,(8) = S; (O, (O + Y ay (m; () =, (1)) (8¢c)
j=0

P rer () = C; ()1, (1) (8)

2. Down-layer of asymptotic internal model

N

. B,

0,0 =g Y. a; (6;,(1) = 6,(0), 6,(0) = 7” (9a)
j=1 i

N

. 1.

E@W =pe ) ay(§0-§), &) = ;’ (9b)
j=1 i

1

9;(0) = ——5=9,(1) - 0]

—=—P,
NE (1) \REF

+;4(,,2a,»j (9;(0-9:(0), 9,00 =6,00 (%)
f=

3. Local SOE tracking controller

_ I; 26,(t) 2
P0= 5 (10~ gy P ©
2B

- k(8,0 9,0)+ 20,0 (10)

where S;(t) € R™, C;(t) € R4, 17;(t) € R, P, ppr(t) € R are
the estimates of S, Cy, 7, (¢), and Ppgp(t), respectively. 6,(1),&,(t) €
R are consensus parameters. q)i(t) €R is the state of the
asymptotic internal model. pg, e,y o pe> thyo K are positive
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TABLE 1 System friction, inertia and energy capacity parameters.

2
B,; I;(kg -m*) @; max(rad/s)
Flywheel 1 1x1073 0.8 1,000
Flywheel 2 0.95x1073 0.9 800
Flywheel 3 1.05x1073 1.0 900
Flywheel 4 0.9x1073 13 1,200

control gains. The inter-agent and local information flow
regarding the two-layer control 8) and 9) is illustrated by
Figure 1, where “DCO” and “AIM” refer to distributed command
observer and asymptotic internal model, respectively.

Now, we are ready to present the following main result.

Theorem 1. Given systems (1), (2), under Assumption 1, if
none of the eigenvalues of S has positive real part, then the control
law (8)-(10) solves Problem 1 for any pig, fics thy thg> e th & > 0.

Proof: For i=1,...,N, let S;(t) =S;(t)-S,, C,(t)=C;(t)—
Co» (8 =m() = 1o(8), Pi(t) = P; pp(t) — Prep(t).  Then, by
Theorem 4.6 of Caietal. (2022), it follows that all S;(t), C,(¢),
7,(t) and P(t) will all decay to zero exponentially.

\l‘—‘
(v

o
~
)

FIGURE 3
Communication network G.
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Let 6(t) = YN 0,(1). Since the graph G is undirected, a; = aj
fori,j=1,...,N, i # j. Therefore,
N N
0 =py) Y a;(6,()-6,(1)) =0 (1)
i=1j=1

which means for all £ > 0,
N
B
6(0) = 29 (12)
i=1 Y,
Moreover, by Corollary 2.9 of Ren and Beard (2008), under

Assumption 1, all 8,(¢)’s will reach consensus exponentially, i.e.,
lim (6,(0) - 6;(n) =0, i, j=1,...
Therefore, fori=1,...,N,

N, i#j.  (13)

lim 6, (1) = d (14)

exponentially. Following the same procedure, fori = 1,...,N,
it follows that

e

=y,
lim (1) = — 15)
exponentially. Since for all i = 1,...,N, 6,(0) = By s 0, &(0) =

y < >0, it follows that for all >0, 0,(¢),&(t) > 0 As a result,
control law (9¢) and (10) are well 1mposed. Define

_ 26,0 _ ~
W=y 0 BO= by
Then, by (7), 14 and 15, it follows that
}erxe a; (1) =0, }Lr?oﬁi(t) =0 (16)

exponentially.

Letting ¢(t) =col (¢,(t), ..., on(1), A,(t) =diag20,(t)/
&1(1), ..., 205 (1)/E (t), and P(t) = col(2Py ggp/N& (1), ..., 2Py per/
NE(1)) gives

9(t) == (D (O +p, L) 9 (1) =P(®). (17)

Note that Ppgp(f) must be bounded in practice, and thus P(t)
will also be bounded. Since A (t) + (pE is positive definite for
all £ > 0, (1) will be bounded for all £ > 0.
Rewrite (9¢) as follows
20,(1) 2

¢ ()= —m%(f) - mpi,REF

+#¢§a,—j(<pj(t) - 9,(0)

) = BoPrer (1)

+ﬂ¢;%(¢;<f> ~9.(0)

+ ﬁolj’REF(t) = (By+ B, (1) (P;(t) + Prer (1))
N

(t)

= —ao¢,(f) o; (D) ¢, (¢
(18)

= —atg9; (1) = ByPrer () +4, ) a;(9;()— 9, (1))
j=1

+8,(t)

frontiersin.org


https://doi.org/10.3389/fenrg.2022.998921
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles

Cai

10.3389/fenrg.2022.998921

A 0.9 i i SOE bala'ncing B 20 pgwerlralcking i
.:':'IizM... |
085F T
101
0.8 B
w A =
® g s
o
075y . . y ‘l-‘n!lllll\!t\lll"-’.’-'-'-’-‘""
\ [} @S
1
\ "-: """""" Py ou(t)
0.7 N, 5 Pyour(t)
Prer(t)
. ——== Prpsus(t)
0.65 : : : . : . -10 : : : .
0 5 10 15 20 25 30 35 0 10 15 20 25 30 35
time [s] time [s]
c time profiles of Gi(t) %108 time profiles of gi(t)
1300 T T T T T 2 T . :
1200 +
1100
15¢F
1000 |
900
1
800
700 f
600 . t t t - - 0.5 * t t . t
0 5 10 15 20 25 30 35 0 10 15 20 25 30 35
time [s] time [s]
FIGURE 4
Control performance for the standard case.
where symmetric and all the eigenvalues of J are positive. Let ¢(t) =
U’l(p(t). Then we have
8; (1) = —a; (1) @; () + By Prer (1)
7 o(t)=-U (aply+u L)t
—(By+ B, (D) (Py(£) + Prir (1)) (19) 0] (@oly +1,L) 9 (8

Since all oci(t),ﬂi(t),f’i(t) tend to zero exponentially and
¢;(t) is bounded, §;(f) also tends to zero exponentially. Let

8(t) = col(6, (1), ...,y (1)). Then we have

9 (1) = = (ol + p, L) 9 (1) = By P (1) 1y + 6 (8).

(20)

Define U = (U,, U,) where U, = 15/ VN and U, € R™>® " jg
arbitrariliy chosen such that U is orthogonal. Then,

T
vt=ur= (Y1),
U

Since Ul'U=I,, UlU,=0.

Therefore,

21

Ully=

col(VN,0,...,0) € R". Let J= UTLU.,. Since L1y =0, we have
UTLU =block diag{0,]}. Then, under Assumption 1, ] is

Frontiers in Energy Research

where

() =U'8(t). Let

= ByPrer(®) U 1y + U8 (8)
= U (agly +p, L) Up (1)

= ByPrer () U 1y + U8 (8)
= —(aly+p,U ' LU)9(1)

—BoPrep() U 1y +38(t)

() = col(p,(1),9,(1)),  &(t) =

col(8,(t),8,(t)) with ¢ (£),8,(t) € R and ,(£),8,(t) € RV, Then
system (22) can be split into the following two subsystems

P, (8) = —ay, (£) = By VNP () + 3, (8) (23a)

90 == (s +1,)) @, () +8,(0). (23b)
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FIGURE 5
Unreliable switched communication network G.

Since J,(#) tends to zero exponentially and oy I_; + t,] is positive
definite, it follows that ¢,(t) tends to zero exponetially. As a result,
by noting that

. (1)

¢ (t)) = U] ¢5 (t) + Ur(Pt (t) (24)
t

p(1) = U(p(t):(UDUr)(

it concludes that

lim (¢(5)~(,()/VN) 1y) =0 (25)
ie.,
tlerQl@((pi(t)—(pj(t)) =0,i, j=1,...,N, i#j. (26)

Furthermore, by 9c and 16, it follows that there implicitly
exists a nonautonomous dynamic system (6) such that
lim, ., (¢;(t) — y,(¢)) =0 for all i=1,...,N. Then, by Lemma 1,
it suffices to show lim, ., (¢;(¢) — ¢;(1)) = 0.

Submitting (10) into 1) gives

Zei(t) _ 2
BEAC R A0

2B, t 27
: ¢,-<)) (27)

B o, 1i<
¢, () = 7 ¢, +T12_y1

X Pirpr(t) = k(9 (1) — 9, (1) +

20,(1) 2
¢ () - Wpi,REF(t) - K(¢i (- (/’i(t))~

&
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Define g_bi(t) = ¢,(t) — ¢,(t). Then we have

5200 o2 o t t
9‘“)—‘%%()—@ i,REF()_K(¢i()_(Pi())
26:() Bt —2 P on(t
+ £() (Pi()+N£i(t) rer ()
N (28)

—tty ) a;(9,() - 9,(0)
j=1

N
=~ (1)~ ) (9, (D - 9, (1))
=1

Since x > 0, by (26), it follows that lim,_,..¢,(f) = 0 and the proof
is thus complete.

The working principle for the asymptotic internal model 9)
is as follows. First, the consensus algorithms (9a) and (9b) are
adopted to estimate the global system information «, and f.
Based on the esitmated « and S, i.e., 26,(£)/&,(t) and 2/N¢(t),
a local certainty equivalent internal model is ready. Then, more
importantly, the states of the internal models of all the flywheels
should reach a common trajectory. To this end, the consensus
term 4, jlila,-j((pj(t) —¢,(t)) is resorted to and added to the
dynamics of the internal mode, which makes it an asymptotic
internal mode in the sense that the states of all the internal
models will eventually reach a common trajectory.

The information flow among the three parts of the control
law (8)-(10) is shown in Figure 2.

5 Case studies

In this section, we consider a FESMS consisting of four
flywheels as in Liu et al. (2021). The system parameters are given
in Table 1, which come from the works in Ghanaatian and
Lotfifard (2019); Liu et al. (2021). Moreover, the communication
graph G is shown in Figure 3, where node 0 represents the
command generator, and node i represents the ith flywheel,
i=1,...,4. The command generator is designed as

o [ 0 005
"O(t)_<—0.05 0 )”O(t)

0
1o(0)= <2.5>< 1o4>

Peer() = (1 0)n,(8).
Thus, Pppp(f) = 25sin(0.05¢f) kw. In what follows, we will
conduct case studies in different scenarios to examine the

(29)

performance of the proposed control method.
Case 1: standard case.
The control gains are selected to be

Hs = b =ty = Ho = g = thy = 100
and « = 1. The system initial values are given by
¢, (0) = ¢, (0) =0.85, ¢,(0) =¢,(0)=0.9
$,(0) = 9,(0) = 0.88, 6, (0) = 9, (0) = 0.87
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Control performance subject to unreliable communication links.

and fori=1,2,3,4,
S;(0)=0, C;(0)=0, 1,(0)=0.
The system performance is shown by Figure 4. It can be seen
from subfigures (a) and (b) that both SOE balancing and power

tracking have been successfully achieved. Moreover, let
B, I;
N Pvi ZN i

Zi: Y =1,
0 Ly, _ 'y

avg = T N

> Eavg - N
Then by subfigures (c) and (d), it can be observed that 8;(t) and
and &

avg

&,(t) converge to 6,

v , respectively. Thus, the external

modelasin Liu et al. (2021) is no longer required, which depends
on the global system information of 6,,, and &,

Case 2: effect of unreliable communication links.

In the standard case, we assume the communication
network to be static and reliable. While, in practice, due
to malicious attack or equipment failure, the communication
links might not always be reliable. In this case, we will check
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the control performance of the proposed control method
subject to unreliable communication links. In particular, the
communication network is assumed to switch among four
subgraphs g‘l, g‘z, g}, g‘4 periodically every 1s, as shown in
Figure 5. The same control gains and system initial values as
in Case 1 are employed. The system performance is shown by
Figure 6. By subfigures (a) and (b), it can be seen the proposed
control method shows certain robustness against unreliable
communication links in the sense that the control objectives
of SOE balancing and power tracking can still be achieved,
though requiring longer time to reach steady state. Moreover,
once the steady state is reached, the effect of the unreliable
communication links would be minor. Similarly, it also takes
longer time for 6,(f) and &,(t) to reach consensus. Note that
for all the four subgraphs _C’/_l, g’z, 9_3, 9_4, the communication
links between flywheels are undirected. If these links become
directed, then the average consensus on 0;(t) and &;(t) might be
violated.
Case 3: effect of power output saturation.
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In practice, the power output of the flywheel is always subject
to saturation. In this case, we will consider the effect of power
output saturation. Suppose

P, P(t)> P,
P (t) = pr P;(t) < Pﬁ5
P;(1), otherwise.

where P, >0 and Pﬁ <0 are the limits. In the simulation, we
let P, = —Pg = 8kw. The same control gains and system initial
values as in Case 1 are employed. The system performance is
shown by Figure 7. It can be seen that as long as the saturation
does not conflict with the steady-state power output, both the
control objectives of SOE balancing and power tracking can still
be achieved, which means that the saturation function can be
directly applied to the proposed power control input.

Frontiers in Energy Research

Case 4: effect of time-delay.

In this case, we check the effect of time-delay of the
communication network on the control performance. Consider a
constant inter-system time-delay, where the time-delay between
flywheel 1 and flywheel two is 1x 10 *sec; between flywheel
two and flywheel four is 2 x 10"*sec; between flywheel three and
flywheel four is 3x 10™*sec; between flywheel 1 and flywheel
three is 4 x 10™*sec. The same control gains and system initial
values as in Case 1 are employed. The system performance
is shown by Figure 8. It can be seen that though the SOE
balancing control objective can be achieved, the power tracking
cannot be exactly realized. In this sense, the proposed control
method shows certain sensitivity to time-delay. In general, the
longer the time-delay is, the worse the control performance is.
It would be an interesting topic to consider how to compensate
the communication time-delay in the future. Nevertheless,
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Control performance subject to time-delay.

in practice, the time-delay over normal transmission lines
is usually on the order of 5x 10 7sec/100m. Therefore, the
proposed control method will be definitely feasible for cable
communication network.

6 Conclusion

This paper considers the dual objective distributed
coordination problem for a FESMS. To eliminate the need of
an external model which depends on global system information
as in Liu et al. (2021), a novel asymptotic internal model based
control method is proposed in this paper by taking advantage of
the average consensus algorithms. It is proven that the steady-
state of the asymptotic internal model turns out to be a common
state-of-energy generator for all the flywheels, which lends itself
to the solution to the dual objective distributed coordination
problem.
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Comprehensive numerical case studies show that the
proposed control method has certain robustness against
unreliable communication links and time-delay in information
transmission. While, the unreliable communication would result
in undesired oscillations in system transient response, and
the information transmission delay would lead to steady-state
tracking errors regarding power dispatch. Moreover, we also
consider the constraint on power output saturation for the
flywheels, and the obtained results indicate that the proposed
control method can be directly integrated with the power limits
without destabilizing the closed-loop system.

It is worth mentioning that in this paper, only homogeneous
flywheel energy storage units are considered which are governed
by the dynamic Eq.1. Nevertheless, the proposed control
approach can also handle the dual objective control problem
for an energy storage system made up of heterogeneous
energy storage units whose dynamic equations are in the same
form of Eq. 1. While, it would be interesting to consider the
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dual objective control problem for an energy storage system
with heterogeneous energy storage units of different dynamic
equations in the future.
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Nomenclature

¢;(t) The SOE of the ith flywheel

P;(t) the net power output of the ith flywheel
B,; the friction coefficient of the ith flywheel
I;

w

the inertia of the ith flywheel
imax the maximum admissible angular velocity of the ith flywheel
Yi 1/wimax2
PFESMS(t) the power output of the entire FESMS
PREF(t) the reference command for Pppg)(#)

S, the system matrix of the command generator

C, the output matrix of the command generator
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110(t) the internal state of the command generator

G the communication graph

¢o(£) the common trajectory for all the flywheels

&, ﬁ() the system parameters governing the common trajectory
i the estimation of matrix the it ee

S;(t) th f S, by the ith flywheel

C;(t) the estimation of matrix C, by the ith flywheel

#;(f) the estimation of 1, by the ith flywheel

P; ppp(t)  the estimation of Pygy(f) by the ith flywheel

0,.(t) the consensus parameter for B,,/y; of the ith flywheel

&(t) the consensus parameter for I,/y; of the ith flywheel

(Pi(t) the state of the asymptotic internal model of the ith flywheel

o (1), P; the estimation of a, an the it eel, respective
J(6),B;(t) th f &y and B, by the ith flywheel ly
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