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Abstract— This paper presents a pinning-based switching con-
trol approach for the charging and cell balancing of superca-
pacitors. The developed supercapacitor energy storage system
is modeled as a cyber-physical system (CPS), which consists
of a physical layer, a cyber layer, and a control layer. In the
physical layer, the switched resistor circuit is employed to charge
and balance supercapacitor cells, and the physical system is
mathematically characterized using the switched systems’ theory.
The cyber layer is modeled with the graph theory to characterize
the accessibility of the reference voltage and the availability of
neighbors’ information to cells. In the control layer, a pinning-
based switching control law is proposed to balance cell voltages
during the charging process. The stability of the CPS is rigorously
proved and the closed-loop model of the CPS is derived using
the block diagram. A laboratory testbed has been built to verify
the effectiveness of the proposed method. Extensive experiment
results show that the proposed pinning control method can reduce
the voltage deviation and improve the energy efficiency when
compared with the classical decentralized control method. Some
practical issues about the implementation of the proposed method
are also discussed.
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I. INTRODUCTION

ECENT years have seen a growing interest in the

deployment of supercapacitors in promising applications,
including public transportation [1]-[3], hybrid energy storage
systems [4]-[6], and portable electronics [7]-[9], due to their
superiorities over conventional batteries in certain aspects,
such as high power density, low series-equivalent-resistance
(ESR), and extremely long lifetime [10]-[13].

In practical applications, supercapacitor cells are typically
connected in series as a fixed module to meet the voltage
requirement of the application scenarios [14]. Due to the
manufacturing tolerance, cells typically suffer from voltage
imbalance, which may lead to the overcharging of some
cells during the charging process, resulting in the reliability
and lifetime degradations of the system. Thus, cell-balancing
circuits are typically applied in energy storage systems to
eliminate the imbalance and improve the system reliability.

Existing cell-balancing circuits can be summarized into two
categories, i.e., active balancing circuits and passive balancing
circuits [15]. The active balancing circuits transfer the energy
from high-voltage cells to low-voltage ones through active
components, e.g., capacitors, inductors, or dc—dc converters.
The active circuits benefit from high energy efficiency, while
the size of the balancing circuit is large and the cost is
relatively high [14]. In passive balancing circuits, passive
components, e.g., resistors, are utilized to dissipate the exces-
sive energy of the high-voltage cells. Although the energy
efficiency is relatively low, the passive balancing circuits are
widely used in applications, where the system size and cost
budget are limited, especially in low-power applications [16].
Specifically, the switched resistor circuit has been a popular
balancing circuit in practice due to its good tradeoff between
the performance and cost [16]-[18].

Fig. 1 shows the schematic of the switched resistor circuit
in an n-cell supercapacitor energy storage system, where each
cell is connected in parallel with a balancing resistor through
a switch. For the switched resistor circuit, the primary task
is to prevent cells from overcharging during the charging
process [14]. Thus, effective cell-balancing charging control
methods are necessary for the circuit.

A classical cell-balancing charging method for the switched
resistor circuit is the decentralized control approach [14]-[17],

1063-6536 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0001-5592-7004
https://orcid.org/0000-0001-6269-6929
https://orcid.org/0000-0002-6253-7802
https://orcid.org/0000-0002-5485-2562
https://orcid.org/0000-0003-0741-8795
https://orcid.org/0000-0003-4893-6847

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2
S1 R
_/
Cell 1

T T T T T T 1

H C1 |

‘ | 1

D

ic \ !
Power Source
O

Fig. 1. Switched resistor circuit for an n-cell supercapacitor energy storage
system.

where the ON/OFF status of a switch is determined by compar-
ing the corresponding cell’s voltage with the reference voltage.
If the cell voltage is above the reference, the switch will
be ON; then the charging current is expected to be shunted
to the balancing resistor and the cell voltage is stabilized
toward the reference voltage [16]. Although the decentralized
control method has been widely used in practice, there are
two limitations of the method: 1) cells are easily overcharged
due to the voltage deviation effect caused by the thermal
heating of balancing resistors and 2) the energy efficiency is
relatively low due to the high-voltage profiles of cells during
the charging process.

In a high-level pinning control theory, cells in the energy
storage system can be regarded as nodes in the graph, and
the reference voltage can be viewed as the pinner. Pinning
control is a feedback control strategy for the synchronization
and consensus of complex dynamical networks, where a virtual
leader (pinner) directly controls a fraction of nodes (pinned
nodes), while the other nodes track the pinner through the
interaction networks with the pinned nodes [19]. From this
observation, the decentralized control method is a special case
of the pinning control, where the pinner directly interacts
with all nodes. It is of practical significance to generalize the
decentralized control to a more systematic pinning control for
charging supercapacitors, and further explore whether the volt-
age deviation effect can be alleviated and the energy efficiency
can be improved, which motivates the work in this paper.

In this paper, we propose a pinning-based switching control
method to charge and balance supercapacitors simultaneously.
In the proposed method, the ON/OFF status of a switch is
determined by comparing the corresponding cell’s voltage
with both the reference voltage and those of its neighbors.
As the dynamics of each cell have two modes depending
on the ON/OFF of the switch, a switching law is proposed
to stabilize the physical system, and the stability of the
closed-loop system is analyzed with the switched systems’
theory. Switched systems are a class of hybrid systems, which
consists of a family of dynamic subsystems along with a
switching law governing the switching among them [20]-[22].
Switched systems can be efficiently used to model many
practical systems that are inherently multimodal, i.e., several
dynamical subsystem models are required to describe their
behaviors [21].

The main contributions and approaches of this paper are
summarized as follows.

1) A cyber-physical system (CPS) framework is developed
for the modeling, controller design, and performance
analysis of the supercapacitor energy storage systems.
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2) A pinning-based switching control method is proposed
to charge and balance supercapacitor cells. The stability
of the CPS is rigorously proved and the closed-loop
model of the CPS is derived using the block diagram.

3) A laboratory testbed is built and the experimental results
indicate that the voltage deviation is alleviated and the
energy efficiency is improved when compared with the
decentralized control method.

The remainder of this paper is organized as follows.
Section II reviews the related work. The preliminaries and
system modeling are presented in Section III. The proposed
method is introduced in Section IV. We evaluate the perfor-
mance of the proposed method with experiment results in
Section V. This paper is concluded in Section VI.

II. RELATED WORK

The pinning control is typically referred to as the leader—
follower consensus in the literature, where the leader rep-
resents the reference information specified by the designer.
Another closely related protocol is the leaderless consen-
sus, where all nodes are driven to an unprescribed common
value [23]. The leader—follower consensus is reduced to the
leaderless one when the pinning matrix from the leader to the
followers is a zero matrix. Both consensus protocols have been
widely used in designing distributed energy systems [24]-[29].

Manaffam et al. [24] proposed a pinning control method
for the voltage synchronization of microgrids. The lower and
upper bounds on the algebraic connectivity of the network
with respect to the reference are derived. Yan et al. [25]
proposed an energy-aware leader—follower tracking control for
electric-powered multiagent systems, where the energy of each
agent is assumed to be limited. The proposed leader—follower
consensus is established in a model predictive control (MPC)
framework to maximize the operation range of agents. In [26],
a pinning-based current synchronization method is proposed
for multiple charging modules, where the output current of
each module tracks both the reference current and the currents
of its neighbors.

In [27], a leaderless consensus-based state-of-charge (SoC)
balancing method is proposed for Lithium-Ion batteries with
the cell-to-cell equalizing topology. A combinatorial 0—1 opti-
mization problem is formulated and solved to optimally choose
added equalizers that lead to the minimal balancing time.
In [28], a distributed cell-balancing method is proposed for
supercapacitors using the leaderless consensus protocol. The
performance of the cell-balancing system is verified with
different balancing resistances. Wang et al. [29] studied the
controllability and observability of a networked battery system
with bypassing balancing circuits. A switching algorithm is
designed to achieve the SoC balancing of batteries using a
leaderless consensus protocol.

Motivated by these works, in this paper, we propose a
pinning-based switching control method for the charging and
cell balancing of supercapacitors. We experimentally compare
the proposed pinning-based cell-balancing method with exist-
ing leaderless-consensus ones [27]-[29], and the experiment
results show that while the leaderless consensus protocols
significantly prolong the charging time, the proposed method



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LI et al.: PINNING-BASED SWITCHING CONTROL OF CYBER-PHYSICAL SUPERCAPACITOR ENERGY STORAGE SYSTEMS 3

can synchronize cell voltages without prolonging the charging
time.

III. PRELIMINARIES AND SYSTEM MODELING

In this section, we first introduce the preliminary knowledge
about switched systems. Then, we model the supercapacitor
energy storage system using the switched systems’ theory and
the graph theory.

A. Switched Systems

A switched system consists of a collection of indexed
differential equations and a switching signal governing the
switching among them [30]. Specifically, a switched linear
system can be mathematically modeled as [31]

¥ =A%+ Bu (1)

where x and u are the system state and the control input,
respectively, ¢ is a piecewise constant, called the switch-
ing signal, which takes its values in the finite set S =
{1,2,---, M} with M being the number of subsystems, and
A% and B? are the state and input matrices of the oth
subsystem, respectively.

The design task for the switched system (1) is to find
switching signal ¢ and control input u to stabilize the
closed-loop system [32]. For the case where the control input
is absent or given in advance, and M = 2, i.e., there are only
two subsystems, we have Lemma 1 to evaluate whether the
switched system can be stabilized with a sequence of switching
signals.

Lemma 1 [33]-[35]: There exists a switching sequence o (¢)
such that the switched system (1) is quadratically stable if and
only if there exists o € [0, 1] such that

Aeq = aA' + (1 — a)A? 2)

is negative definite, i.e., the eigenvalues of Aeq lie in the open
left-half complex plane.

Lemma 1 will be used to examine whether the superca-
pacitor charging system can be stabilized with a switching
sequence.

B. System Modeling

1) Physical Modeling: As shown in Fig. 1, each cell in
the physical system is connected in parallel with a balancing
resistor R through a switch Si. The ESRs of supercapacitors
account for the voltage drop effect when the cell balancing is
finished and the charging current is terminated [13]. As the
ESRs of supercapacitors are relatively small (e.g., m Q level),
cells can be simplified as a capacitor in the cell-balancing
design [14], [16]. Then, the voltage dynamics of each cell are
derived as

ic Uk
" Ci¢  RC
where Ci, vk, and s; represent the capacitance, voltage, and
duty cycle of cell k, respectively, R is the resistance of the
balancing resistor, and i. is the charging current from the
external power source.

Ox sk, k=1,...,n 3)

Cyber Layer

{0}
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‘Contmller #1

‘Controller #2 ﬂ Controller #n
R

Fig. 2. Cyber-physical modeling of the supercapacitor energy storage system.

The external power source is chosen as a constant-current
(CC) source, which implies that the charging current i, is
a constant. Conventional batteries are typically charged by a
constant-current constant-voltage (CC-CV) source, where the
CV stage decreases the charging current and eliminates the
voltage drops on ESRs. Since the ESR of supercapacitors is
much smaller, supercapacitors are typically charged with a CC
source [12].

The differential v; is called the charging rate of cell k,
which indicates the voltage increase rate of the cell during
the charging process. Based on the ON/OFF status of switch &,
the charging rate of cell k is derived as

Ok = —, sp=0

Ck

i " 4)
vy = — — —— Sk =

Cr RCy

where we find that when the switch k is OFF, i.e., sy = 0, cell k
is charged with the highest charging rate; while when switch
k is ON, i.e., sy = 1, the charging rate of cell k decreases
with cell voltage vg. Specifically, the charging rate decreases
to zero when vy = i R. Thus, we commonly choose vg = iR
as the reference voltage for cells.

It is shown in (4) that the voltage dynamics of cell k have
two subsystems based on the switching of duty cycle si. Thus,
the system (4) can be modeled as a switched system

XkZAkak+Bku, k=1,...,n 5)

where the system state x;z = vg, the control input u = i,
the switching signal ox = sy + 1 € {1, 2}, and the system
parameters are defined as

1 1
——, Bir=—.

RCy, Cy

Now, we have built the physical model of each cell using
the switched systems’ theory. In what follows, we will model
the communication interaction among cells using the graph
theory.

2) Cyber Modeling: The cyber-physical modeling of the
supercapacitor energy storage system is shown in Fig. 2, where
each cell in the physical layer is mapped to a node in the cyber
layer. Specifically, node O is a virtual node that represents the

Al =0, A}

(6)
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reference for cells and does not correspond to any cell in the
physical layer.

The interactions among cells can be modeled as a directed
graph (v, ¢), where the node set o represents the cells in
the physical layer, and the edge set ¢ represents the com-
munication links among cells. The edge direction specifies
the information flow between cells. If there is a directed link
from cell m to cell k, i.e., cell k can receive information from
cell m, node m is called a neighbor of node k. The neighbor
set of node k is denoted as Ny, where the number of node k’s
neighbors is denoted as di, which is also called the in-degree
of node k [36]. The in-degree matrix is a diagonal matrix
defined as D = diag(dy),. The adjacency matrix is defined
as A = [agmlnxn With ag,, = 1 if there is a link from node m
to node k and ag, = O otherwise. Then, the Laplacian matrix
of the graph is defined as L = D — A. The interactions among
the virtual node 0 and the other nodes are represented by the
diagonal pinning matrix G = diag(gx), with gx = 1 if node 0
pins to node k directly, and g; = O otherwise.

The interactions of the cells in the supercapacitor energy
storage system can be systematically characterized by the two
graph matrices L. and G. Specifically, the Laplacian matrix L
represents the availability of the neighbors’ information to
cells and the pinning matrix G characterizes the accessibility
of the reference information to cells.

IV. PINNING-BASED SWITCHING CONTROL

In this section, we propose a pinning-based switching con-
trol strategy for the supercapacitor charging system. We first
show some properties about the system to be used in the
stability analysis. Then, a pinning control method is proposed,
where the stability and convergence are rigorously proved.
The closed-loop model is derived using the block diagram.
Several performance metrics are introduced to evaluate the
performance of the proposed charging method.

A. System Properties

We introduce some properties about the physical system
characterized by (5) and (6) that can be utilized in the
charging controller design and stability analysis. By exam-
ining the dynamics of the switched system, we find that
the second subsystem is stable as A% is negative definite
in (6). Then, the closed-loop system can be guaranteed stable
by setting o = 2. These observations are summarized in
Lemmas 2 and 3.

Lemma 2: There exists a switching sequence ok (f) such
that the switched system characterized by (5) and (6) is
quadratically stable.

Proof: From (6), we know that A% < 0. Then, for any
a € [0,1), we have Aeq = (1 — a)A7 < 0. Based on
Lemma 1, we know that there exists a switching sequence
or(t) such that the switched system characterized by (5) and
(6) is quadratically stable. U

Lemma 2 shows that the cell-balancing charging system can
be stabilized by at least one switching sequence. We now need
to determine a specific switching sequence to do that. As it
is known that the switching signal oy = 2 can stabilize the
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closed-loop system, the problem is when to trigger o = 2 in
the charging process. The design task for the cell-balancing
charging is to ensure that the voltages of cells are stabilized
at the reference voltage xo. When x; < xo, from (4), we find
that the switching signal oy can be 1 (i.e., fast charging) or 2
(i.e., slow charging). However, when x; > xq, the switching
signal oy has to be 2, otherwise cells are overcharged and
the closed-loop system cannot be stabilized. Then, we have
Lemma 3.

Lemma 3: The switched system characterized by (5) and (6)
for any cell k£ can be stabilized, and cell voltage x; converges
to xo = i.R asymptotically in the charging process if the
switching sequence is chosen as

or(t) =2 Vxi(t) = xo. 7

Proof: When oy (1) = 2, we have A> = —(1)/(RCy) < 0,
which means that the closed-loop system is asymptotically
stable. From (4), we can find that the only equilibrium for
cell k is x; = x¢. Thus, if we set oy (t) = 2 when xx(¢) > xo,
the closed-loop system is stable and the state x; converges to
xo asymptotically. 0

The condition (7) is sufficient but not necessary for the
system’s stability and convergence in the charging process.
For instance, if we first set oz (t) = 1 and then set oy (z) = 2
when xg () > x, the closed-loop system can still be stable as
long as oy () = 2 is the final stage. However, setting oy = 1
when a cell is fully charged results in the overcharging of the
cell, which should be avoided in practical systems. Lemma 3 is
useful in proving the stability of the proposed pinning control
method, which will be illustrated in what follows.

B. Pinning Control

For the supercapacitor charging system with n cells,
the classical decentralized control signal is extensively used
in practical applications, where the signal is chosen as the
negative feedback between the reference and the voltage
of each cell. In this section, we propose a pinning-based
switching control signal for the supercapacitor charging system
by considering both the accessibility of the reference and the
availability of the neighbors’ information to cells. It will be
shown later that the existing switching signals are a special
case of the proposed design. Specifically, the switching signal
oy for cell k is designed as

ok = sign() ®)
where the switching logic sign(-) is defined as

) 2, Yo <0

sign(dy) = [ )

1, otherwise

and the tracking error J; is designed as

Sk = gr(x0 — x) + D akm (xm — X1

meNg

(10)

where x( is the reference voltage, x; is the voltage of cell
k, x,, values are the voltages of neighbors of cell k, and g
and ag,, are the pinning and adjacent elements, respectively.
For the vector arguments, the switching logic sign(-) is defined
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componentwise. Thus, the treatments are similar for the vector
and scalar states.

The tracking protocol (10) is a pinning control method,
which characterizes all the possible interactions between the
reference and cells, as well as those among cells [19]. The first
term of the tracking protocol (10) characterizes the accessibil-
ity of the reference to cells. If the reference pins to cell &,
gr = 1; otherwise gx = 0. The second term describes the
availability of the neighbors’ information to cells. If cell k can
receive information from cell m, ay,, = 1; otherwise, ay,; = 0.
If agy = 0 and g = 1 for any k,m € o, the switching
signal (8)—(10) reduces to the classical decentralized control,
i.e., each cell makes the control decision based on the com-
parison between the reference and its own voltage. If x; < xo,
we have oy = 1, i.e., s = 0. Then, from (4), we know that
cell k is charged with a high charging rate. If x; > x¢, we have
or = 2, 1.e., sy = 1. Then, from Lemma 3, we know that the
cell voltage will be stabilized to xo = i, R. If gx = 0 and there
exists k, m € v that a,, = 1, the switching signal reduces to
a leaderless consensus control. If x; < x,,, we have oy = 1,
i.e., sy = 0, implying that cell k is charged faster than cell m;
otherwise, we have g; = 2, i.e., sy = 1, implying that cell k
is charged slower than cell m. Such a regulation mechanism
will lead to the voltage synchronization of cells during the
charging process.

From the above analysis, we can find that: 1) the first
term of (10) stabilizes the cell voltage to the reference xg
when a cell is fully charged and 2) the second term of (10)
synchronizes the cell voltage with its neighbors during the
charging process. Specifically, the first term is characterized
by the pinning matrix G and the second term is characterized
by the Laplacian matrix L.

In the charging process, the voltages of cells are expected
to increase to the reference voltage xg. When x;(t) < xo,
cells are charged by the proposed method, where the voltages
are increasing toward the reference voltage. The stability and
the convergence x; — x(o can be evaluated by examining if
or(t) = 2 when x;(t) > xo for any k € v, as shown in
Lemma 3. Then, we have Theorem 1.

Theorem 1: Consider the supercapacitor charging system
shown in Fig. 1, where the dynamics of each cell are character-
ized by (5) and (6). The closed-loop system can be stabilized
by switching law (8)-(10) and cell voltages converge to the
reference voltage xo asymptotically in the charging process if
either of the following two cases holds.

1) Case A: The reference pins to all cells.

2) Case B: The reference pins to at least one cell, and there
is a directed spanning tree among cells, where the pinned
cell is the root of the tree.

Proof: Define the collective vector form of state X, refer-
ence Xy, tracking error A, and switching signal o, respectively,
by

X=[x; x - x]°
Xo =[x0 xo xo 1"
A=[6 & a1’

o=[0] o on 1. (11

From (10), we have

Ok = 8kX0 — QkXk + D Gkm¥m — D GkmXk

meNg meNj

—(di + 80Xk + &KX0+ D, Wm¥m,

me Ny

(12)

The tracking error (12) is written in the matrix-vector form as

A = —(D + G)X + GXg + AX
= —(D-A)X+GXo—X)

= —LX + G(Xo — X). (13)

Note that the row sum of the Laplacian matrix is zero, then
we have LXy = 0, where 0 is a vector with all zero elements.
Substituting it to (13) yields

A=LX)-LX+GXo-X)=L+G)Xo—-X). (14

We first prove that Case A can stabilize the closed-loop
system. When the reference pins to all cells, L = 0,, is
a zero matrix and G =1,x, is an identity matrix. Then,
from (14), we have

A<0=X)—X<0. (15)
Following the switching logic in (9), we have:
=2, X>Xj. (16)

Equation (16) implies that when xx(t) > x¢o for all cells,
we have oy = 2, Vk € wv. Then, based on Lemma 3,
we know that the closed-loop system is stable and the voltage
X converges to the reference voltage X asymptotically.

Now, we prove that Case B can also stabilize the closed-loop
system. When the reference pins to at least one cell, and
there is a directed tree among all cells, where the pinned cell
is the root, the matrix L. + G is positive definite and thus
invertible [19]. Thus, from (14), we have

A<0=X - X<L+G)lo=Xg-X<0. (17

Then, based on (16) and Lemma 3, we know that the
closed-loop system is stable and the voltage X converges
to the desired voltage Xo asymptotically. This completes the
proof. U

From the above analysis, we know that the proposed
pinning-based switching control method can achieve the volt-
age stabilization and voltage synchronization in the charg-
ing process by appropriately choosing the communication
topology among cells. The stability and convergence of the
proposed design have been rigorously proved in Theorem 1.
In what follows, we derive the collective model of the
closed-loop system.

C. Closed-Loop Modeling

In order to evaluate the performance of the closed-loop
system, we need to develop the closed-loop model of the
supercapacitor energy storage system. The MIMO model of
the switched system (5) is represented as

X =A°X + Bu (18)
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Fig. 3. Cyber-physical framework of the closed-loop system.

where A? = diag(AZk )n and B = diag(By), are the state and
input matrices of the collective system, respectively.

We derive the closed-loop model of the supercapacitor
energy storage system using block diagrams, where signals
represent the variables of the system and blocks represent the
models of the corresponding layer. The input vector of the
closed-loop system is X, and the output vector of the system
is X. From (14), it is observed that the negative feedback
vector Xo — X is input to the cyber-layer model L + G
to generate the tracking error vector A. Then, the tracking
error vector A is injected to the control-layer model (8) to
generate the switching control vector ¢ . Finally, the switching
control vector ¢ is injected to the physical-layer model (18)
to supply the output voltage X. Another input of the physical
layer is u, i.e., the charging current from the external power
source. By connecting the above layers according to the signal
flow, the cyber-physical framework of the closed-loop control
system is developed in Fig. 3, where we find that the developed
closed-loop system model consists of three layers [37], i.e., a
physical layer, a cyber layer, and a control layer.

In the closed-loop model of the CPS, the physical layer (18)
and the control layer (8) are predefined. This implies that
the performance of the CPS will be determined by the
cyber-layer model L + G. It will be shown later that different
communication topologies have significant influence on the
performance of the CPS. In order to evaluate the performance
of the CPS under different communication topologies, we first
introduce several performance metrics that will be used in the
performance evaluation.

D. Performance Metrics

The performance of the CPS will be evaluated in the
following aspects, i.e., charging time, energy efficiency, and
voltage deviation.

1) Charging Time: Charging time is an important metric
that affects the user satisfaction in many applications. In the
proposed cell-balancing charging scheme, the charging and
the cell balancing are conducted for cells simultaneously.
A reasonable requirement is that the cell balancing should
not prolong the charging time. In this paper, the charging
time for the supercapacitor energy storage system is defined
as the time that the last cell is fully charged. We will compare
the charging time of the proposed method with those of the
decentralized control method and the leaderless consensus
method experimentally.

2) Energy Efficiency: Energy efficiency is another metric
to evaluate the performance of the cell-balancing charging
system. The energy efficiency of the supercapacitor charging
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Fig. 4. Resistance deviation of a 1-Q resistor with current i =5 A.

system is defined as the ratio of the energy stored in the
supercapacitors to the input energy from the external power
source
_Ex
B Ein
where the stored energy Eg during the charging process is
computed as [16]

19)

1 n
Ey = ; Cr[v — 07(0)] (20)

where v (0) is the initial voltage of cell k, and the input energy
Ej, from the CC power source is derived as [18]

n ' n t
Ei, = Z/ vk (7)icdr = i Z/ vx(7)dr 201
k=170 k=170

where ¢ is the charging time for the supercapacitor energy
system.

For different cases with the same reference voltage and
initial voltages, the stored energy (20) during the charging
process is the same. Thus, the energy efficiency is dominated
by the input energy (21) from the CC power source. Since
i. is a constant, the input energy is determined by the area
encircled by the voltage curve and charging time in the
charging profile, as shown in (21). With the same charging
time, the lower the voltage curve, the higher the energy
efficiency will be. Following this observation, we will evaluate
the energy efficiency of the proposed method under different
communication topologies.

3) Voltage Deviation: The voltage deviation during the
charging process is an important metric to evaluate the per-
formance of a cell-balancing system. The voltage deviation
evaluates the maximal variation of cell voltages from the
reference voltage when the charging process is completed.
From Lemma 3, we know that cell voltages converge to the
reference voltage xo = i.R. However, in practical systems,
the resistance R will have a gradual increase from the nominal
value due to the thermal effect. Thus, cell voltages will
continue increasing after they are fully charged. Fig. 4 shows
the resistance deviation of a 1-Q resistor with currenti, = 5 A.
It is shown that the resistance increases by 37.5% after 55 s.
Without a proper coordination among cells, the cells that first
reach the reference voltage during the charging process will
be overcharged.
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Fig. 5. Hardware setup of the supercapacitor energy storage system.

V. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the proposed
method with experimental results. We first introduce the
hardware setup and parameter setting of the supercapacitor
energy storage system. Then, experiments are conducted for
each case. Some practical issues about the implementation of
the proposed method are also discussed.

A. Hardware Setup

Fig. 5 shows the laboratory testbed of a three-cell super-
capacitor energy storage system, which is built based on the
schematic in Fig. 1. The main components of the testbed are
introduced as follows.

1) Main Board: For compactness, several digital devices
are embedded in the main board, including a
TMS320F2808 microprocessor, three switches of type
IRF530 MOSFET, three high-precision dividers work-
ing as voltage sensors, a PWM optocoupler/driver
TLP700A, a low-pass filter chip TLO74ID, and a voltage
conversion chip PDUKE-24S05.

2) Supercapacitor Cells: Three Maxwell supercapacitor
cells are connected in parallel with resistors through the
corresponding IRF530 switches.

3) Power Sources: The CC power source supplies the
charging current for the supercapacitor energy storage
system. The DC 24 V power source supplies the operat-
ing voltage for the microcontrollers and sensors through
the voltage conversion chip PDUKE-24S05.

4) PXI Platform: The PXI platform measures the voltages
of the three cells through the measurement board and
displays the voltage profiles with LabVIEW in the
hosting computer. PXI is a rugged PC-based platform
for measurement and automation systems, which has
been proved as a high-performance and low-cost deploy-
ment platform for applications, such as manufacturing
test, machine monitoring, automotive, and industrial
test [38].

The operation mechanism of the testbed is described as
follows. There are three control procedures (i.e., controllers)
in the TMS320F2808 microprocessor. Each controller mea-
sures the voltage of the corresponding cell through the
high-precision voltage divider. The measured analog voltage

Case B.3

Fig. 6. Categorization of the communication topologies of three cells. Case A
corresponds to the classical decentralized control method.

signals are filtered by the low-pass filter TLO74ID. Three con-
trollers transmit their local voltages to their neighbors based
on the specified communication topology. With the filtered
measurements and the voltage information transmitted from
neighbors, each controller computes the duty cycles based on
the control protocol (8)-(10). Then, the duty cycles are used to
generate PWM signals to regulate the switches IRF530 MOS-
FETs through the PWM optocoupler/driver TLP700A. The
TMS320F2808 microprocessor, which can provide 16 PWM
outputs and 12-bit ADCs, has been programmed and debugged
with the Code Composer Studio (CCS) in the hosting com-
puter. The switching frequency f; = 10 kHz.

B. Parameter Setting

The physical-layer parameters are given first, and then
different cyber model parameters are considered in the per-
formance evaluation.

1) Physical Setting: We consider the three cells in the
supercapacitor energy storage system shown in Fig. 1, where
the circuit parameters are given as follows: the nominal capac-
itances of three cells C; = C, = C3 = 130 F, charging current
i = 2 A, reference voltage vg = 2 V, and balancing resistance
R =1 Q. The voltage imbalance typically occurs due to the
manufacturing tolerance. To emulate the phenomena, the initial
voltages of the three cells are set differently as v1(0) = 1.2V,
02(0) =0.9 V, and v3(0) = 0.6 V.

2) Cyber Setting: Without loss of generality, we consider
four cases of communication topologies in the performance
evaluation. The categorization of the communication topolo-
gies is depicted in Fig. 6, which is described as follows.

a) Case A: In this case, the reference pins to each cell and
there are no interactions among cells. This case corresponds
to the classical decentralized control method in the literature.
The communication topology is characterized mathematically
by

G = , L=

S O =
S = O
- o O
o O O
o O O
S O O

b) Case B.1: In this case, the reference pins to cell 3,
and cell 3 acts as the root for a minimum spanning tree
among cells, i.e., cells interact with the reference and with each
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other through a minimal number of links. The communication
topology is characterized mathematically by

0 0 0 1 0 -1
G=|0 0 0|, L={0 1 -1
0 0 1 00 0

c) Case B.2: In this case, the reference pins to three cells
and cell 3 is the root of the minimum spanning tree among
cells, i.e., cells interact with each other through the minimum
spanning tree links, but interact with the reference through
the redundant and direct links. The communication topology
is characterized mathematically by

1 00 1 0 —1
G=|0 1 0|, L=|0 1 -1
0 0 1 00 0

d) Case B.3: In this case, the reference pins to cell 3,
and there is an undirected ring topology among the three
cells, i.e., cells interact with the reference through a minimal
number of links, but interact with each other through the
redundant links. The communication topology is characterized
mathematically by

0 0 O 2 -1 -1
G=|0 0 0|, L=|-1 2 -1
0 0 1 -1 -1 2

Another trivial case is that cells interact with the reference
and with each other both through the redundant links. The
effect of this case can be evaluated by analyzing Cases B.2 and
B.3 together, and thus omitted here.

C. Experiment Results

The experiment results for Cases A-B.3 are provided
in Figs. 7-10, respectively. The analysis of the experiment
results is summarized in what follows.

1) Case A: In Case A, cells compute their duty cycles
(0/1) by comparing their local voltages with the reference
independently. Fig. 7 shows the experiment results of Case A.
The charging profiles of the three cells are shown in Fig. 7(a),
where the three cells are charged independently of their initial
voltages to the reference voltage. The charging time of the
energy storage system is 77 = 94 s, which is dominated
by cell 3. Based on the energy efficiency (19) and charging
profiles in Fig. 7(a), we compute the energy efficiency as
73.5%. The switching signals for the three cells are shown in
Fig. 7(b). We can find that the switching signals are 1 before
the corresponding cells are fully charged, i.e., cells work in the
fast-charging mode, while when the cells are fully charged,
the switching signals are switched from 1 to 2, i.e., cell
voltages are expected to be stabilized at the desired value. Note
that when the tracking error d; (k = 1,2, 3) approaches zero,
the switching signal oy has a frequent switching due to the
measurement noise. However, cell voltages i R are soon larger
than the desired voltage vg due to the thermal effect of bal-
ancing resistors, i.e., the tracking error will be less than zero,
and then the switching signals will be maintained at 2 based
on (9). The voltage deviation effects of Case A are shown in
Fig. 7(c), from which we find that when cells 1 and 2 are fully
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Fig. 7. Experimental results of Case A (the classical decentralized control
method). (a) Charging profile. (b) Switching signal. (c) Voltage deviation.

charged, their voltages continue increasing until the charging is
terminated. This is because the resistance of balancing resistors
is larger than the nominal value R = 1 Q due to the thermal
heating during the charging process. Then, from Lemma 3,
we know that the final voltage i.R of cells 1 and 2 will be
above the nominal value vg = 2V, i.e., cells are overcharged.
As shown in Fig. 7(c), the maximal voltage deviation of
Case A is 4.5%.

2) Case B.1: In Case B.1, cell 3 computes its duty cycle
by comparing its voltage with the reference, while cells 1
and 2 compute their duty cycles by comparing their voltages
with that of cell 3. Fig. 8 shows the experimental results
of Case B.1. The charging profiles of the three cells are
shown in Fig. 8(a), where cell 3 is charged independently,
and cells 1 and 2 are charged by following cell 3. Three
cells are synchronized around 60 s. The charging time of the
energy storage system is 77 = 94 s, which is the same as
Case A since the charging time is still dominated by cell 3.
The energy efficiency of Case B.1 is computed as 81%, which
is higher than that of Case A. This is because the voltages of
cells 1 and 2 keep low profiles by tracking cell 3 instead of
the reference. The switching signals for the three cells are
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Fig. 8. Experiment results of Case B.1. (a) Charging profile. (b) Switching
signal. (c) Voltage deviation.

shown in Fig. 8(b). The switching signal of cell 3 is the same
as that of Case A, as cell 3 is still charged independently.
Cell 1’s switching signal is 2 before 60 s, as the tracking
error 0 = v3 — vy is negative from 0 to 60 s. When the
tracking error d; approaches and maintains at zero after 60 s,
there are frequent switchings due to the measurement noise.
The switching signal for cell 2 can be analyzed similarly. The
voltage deviation effects of Case B.1 are shown in Fig. 8(c),
where the maximal voltage deviation is about 1%, which is
far less than Case A. This is because the interactions among
cells alleviate the voltage deviation effect through the voltage
synchronization during the charging process.

3) Case B.2: In Case B.2, cell 3 computes its duty cycle
by comparing its voltage with the reference, while cells 1
and 2 compute their duty cycles by comparing their voltages
with both the reference and cell 3’s voltage. The experimental
results of Case B.2 are shown in Fig. 9. The charging profiles
of the three cells are shown in Fig. 9(a), where cell 3 is charged
independently, and cells 1 and 2 are charged by following both
the reference and cell 3. The charging time of the energy
storage system is 77 = 94 s, and cells are synchronized

Voltage (V)

(a)

— Celll —— Cell2 — Cell3

Switching Signal

(b)

Voltage (V)

80 82 84 86 88,90 92 94 96 98 100
Time (s)

()

Fig. 9. Experiment results of Case B.2. (a) Charging profile. (b) Switching
signal. (c) Voltage deviation.

when the charging process is completed at 94 s. The energy
efficiency of Case B.2 is computed as 77%, which is higher
than Case A but lower than Case B.1. This can be explained
by the charging profiles of cells 1 and 2, where these profiles
of Case B.2 are higher than those of Case B.1 but lower than
those of Case A. The switching signals for the three cells
are shown in Fig. 9(b). Cell 3’s switching signal is still 1
before 94 s and becomes 2 afterward. The switching signals
of cells 1 and 2 are 1 before 15 and 50 s, respectively, as the
corresponding tracking errors J; and d» are positive. When
01 and Jp approach and maintain at zero after 15 and 50 s,
respectively, the switching signals have frequent switchings
similarly. The voltage deviation effects are shown in Fig. 9(c),
where the maximal voltage deviation is 1.2%.

4) Case B.3: In Case B.3, cell 3 computes its duty cycle by
comparing its voltage with both the reference and the voltages
of the other two cells, while cells 1 and 2 compute their
duty cycles by comparing their voltages with those of the
other two cells, respectively. Fig. 10 shows the experimental
results of Case B.3. The charging profiles of the three cells
are shown in Fig. 10(a), where cell 3 is charged by tracking
both the reference and the voltages of cells 1 and 2, while
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Fig. 10. Experiment results of Case B.3. (a) Charging profile. (b) Switching
signal. (c) Voltage deviation.

cells 1 and 2 are charged by tracking the voltages of the other
two cells, respectively. The charging time of the energy storage
system is 7 = 94 s, which is still dominated by cell 3.
This is because the voltage feedback from cells 1 and 2 to
cell 3 is always positive before they are fully charged. Then,
from (9), we know that cell 3 is still charged by s3 = 0 during
the charging process. The energy efficiency of Case B.3 is
computed as 79.3%. The switching signals of the three cells
are shown in Fig. 10(b). The switching signal of cell 3 is
the same as those of Figs. 7-9. Cell I’s switching signal
is 2 before 65 s, as the tracking error ¢; is negative and
switches frequently when the tracking error J; approaches
zero after 65 s. Note that cell 2’s switching signal switches
rapidly to synchronize its voltage with those of cells 1 and 3
from O s. The voltage deviation effects of Case B.3 are shown
in Fig. 10(c), where the maximal voltage deviation is 1%.

D. Results and Discussion

The performance metrics of the proposed method under
different communication topologies are summarized in Table I,
where the charging time, energy efficiency, and voltage
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TABLE I
SUMMARY OF THE PERFORMANCE EVALUATION

Metric\Case No. A B.1 B2 B.3

Charging Time (s) 94 94 94 94
Energy Efficiency 73.5% 81% 77% 79.3%
Voltage Deviation  4.5% 1% 1.2% 1%

deviation are considered. The experimental results are dis-
cussed as follows.

1) Charging Time: In Case A and Cases B.1-B.3, the charg-
ing time is always dominated by cell 3. This is because cell 3
is chosen as the pinned root in the graph. In these cases, cell 3
is charged with duty cycle s3 = 0 before it is fully charged
since the tracking errors are always positive. Thus, all these
cases have the same charging time.

It is worth noting that the charging time may be prolonged
by the cell-balancing system. For comparison, we consider the
leaderless consensus protocols [27]-[29], where the commu-
nication topology is

0 0 O 2 -1 -1
G=|0 0 0|, L=|-1 2 -1
0 0 O -1 -1 2

Note that the Laplacian matrix is the same as that of
Case B.3, and the only difference is that the pinning matrix
is a zero matrix in the leaderless consensus protocols. Experi-
mental results of the leaderless consensus-based cell-balancing
method are shown in Fig. 11. By comparing Fig. 10(a) with
Fig. 11(a), we find that the charging time of three cells is
prolonged from 94 to 120 s. This can be explained by exam-
ining the switching signals of cell 3 in Figs. 10(b) and 11(b).
In Fig. 10(b), cell 3 is always charged with switching signal 1
(i.e., fast charging mode) before cells are fully charged at
94 s. However, in Fig. 11(b), we can see that the switching
signal of cell 3 has a frequent switching between 1 and 2
to synchronize its voltage with the other two cells from
50 s, which significantly prolongs the charging time. This fact
implies that the pinner is useful in shortening the charging
time.

2) Energy Efficiency: As explained previously, the energy
efficiency is dominated by the charging profiles of the three
cells. Since cell 3 has the same charging profile in all four
cases, the energy efficiency of the system is determined by
the profiles of cells 1 and 2. Case B.1 has the highest energy
efficiency because cells 1 and 2 keep low profiles by tracking
cell 3 instead of the reference voltage. Case A has the lowest
energy efficiency, as cells 1 and 2 maintain high profiles
by tracking the reference directly. The energy efficiency of
Case B.2 is slightly lower than that of Case B.3 because
cells 1 and 2 in Case B.2 have relatively high profiles by
tracking both the reference and cell 3.

3) Voltage Deviation: From Table I, we find that Case A
has the largest voltage deviation, while Cases B.1-B.3 have
relatively small voltage deviations. This is because in Case A,
when cells 1 and 2 are fully charged, they have to shunt the
charging current to resistors to wait for cell 3 to be fully
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Fig. 11. Experimental results of the leaderless consensus-based cell-balancing
method. (a) Charging profile. (b) Switching signal.

charged. However, due to the thermal effect, the balancing
resistance will increase gradually and the charging current
cannot be totally shunted to the balancing resistors. Thus,
cells 1 and 2 are overcharged during the shunting stage.
In Cases B.1-B.3, cells are synchronized during the charging
process and reach the reference voltage synchronously. Thus,
the shunting stage is avoided and the voltage deviation is
alleviated.

E. Practical Issues

We further discuss some practical issues about the imple-
mentation of the proposed method: 1) the benefits and the
associated costs of the proposed method; 2) how to choose
the pinned node in the implementation; and 3) how to extend
the proposed method to the discharging case.

1) Superiority: Experimental results show that the proposed
method can effectively improve the energy efficiency and
reduce the voltage deviation compared with the existing decen-
tralized control method. The higher energy efficiency means
less power loss consumed in balancing resistors, implying
that the charging system is greener and the thermal heating
of resistors can be alleviated. The reduced voltage deviation
protects cells from overcharging, which prolongs the lifetime
of supercapacitors and improves the reliability of the energy
storage system.

2) Hardware Cost: The communications among cells do not
necessarily introduce additional hardware cost. In small-scale
energy storage systems, where a single microcontroller can
provide enough hardware resources (e.g., IO ports), all cells
can be connected to a single microcontroller. Then, we can
design distributed control procedures (controllers) for each cell
in the microcontroller, where the communications among cells

are realized with the signal flows in the software design, call-
ing for no additional hardware cost. In this paper, three cells
are directly connected to the TMS320F2808 microprocessor
without communication hardware costs.

3) Scalability: In large-scale energy storage systems where
geographically distributed microcontrollers are deployed, addi-
tional communication hardware resources are required for
the voltage synchronization of cells in the charging process.
However, the pinning control strategy is a distributed control
method, i.e., cells only communicate with their neighbors
to make a control decision. This implies that only a sparse
communication network is required and the proposed method
benefits from a good scalability, i.e., the complexity of the
design will not increase with the number of cells. Thus,
the proposed method is applicable to large-scale energy storage
systems.

4) Pinned Node: From the experimental results, we find
that Case B.1 has the highest energy efficiency in the case
study. This is because, in the other cases, the redundant
communication links from the reference to the pinned nodes or
the redundant links among the nodes result in high charging
profiles of cells, which reduce the energy efficiency of the
charging system. In Case B.1, there is only one pinned node
(i.e., cell 3) and the pinned node interacts with the other cells
(i.e., cells 1 and 2) through a minimum spanning tree. The
minimal number of communication links achieves the voltage
synchronization as well as improves the energy efficiency
during the charging process. Since low charging profiles lead
to high energy efficiency, we typically choose the cell with the
lowest charging profile as the pinned node. Then, the energy
efficiency of the charging system can be improved if the
voltages of the other cells are synchronized with the pinned
node. In this paper, we choose cell 3 as the pinned node as it
has the lowest charging profiles.

5) Discharging: In the charging of cells, the objective of
the cell balancing is to prevent cells from overcharging. In the
discharging of cells, however, the primary task is to prevent
cells from overdischarging. For the switched resistor circuit,
a straightforward discharging approach is to discharge cells
with all switches OFF and monitor the cell with the lowest
voltage. When the voltage is lower than the safety threshold,
the discharging process can be terminated to prevent the cell
from overdischarging.

The proposed method can be extended to the discharging
case. For instance, we consider that the initial voltages of three
cells are v1(0) =2 V, v2(0) = 1.9 V, and v3(0) = 1.8 V, and
the communication topology as

0 0 O 1 0 -1
G=|0 0 0|, L={0 1 -1
0 0 O 0 0 O

The discharging profiles of three cells are shown in
Figs. 12 and 13, where the three cells are discharging through
a common 4-Q load. Fig. 12 shows the experimental results
of three cells with all switches OFF, i.e., cells are discharged
independently. As shown in Fig. 12(a), when the cell with
the lowest voltage (i.e., cell 3) reaches the safety threshold
(e.g., 1.2 V), the discharging is terminated to prevent any
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cells from overdischarging. Fig. 12(b) shows that the switching
signals of three cells are all 1, i.e., cells are discharged with
switches OFF. Fig. 13 shows the experimental results of the
proposed method. As shown in Fig. 13(a), cell voltages are
synchronized during the discharging process and reach the
safety threshold (e.g., 1.2 V) simultaneously. Fig. 13(b) shows
the switching signals of three cells, where cell 3’s switching
signal is always 1, while the switching signals of cells 1 and 2

IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY

are 2 before 26 and 17 s, and then they switch frequently to
synchronize cell voltages after 26 and 17 s, respectively.

It is worth noting that, although the voltage synchronization
improves the energy efficiency during the charging process,
it is not necessarily true for the discharging process. This
is because, as long as the switches are turned on during the
discharging process, there will be additional energy consump-
tions on balancing resistors. Thus, the most energy-efficient
discharging method is to discharge cells with all switches OFF,
but it may cause some balancing concerns.

VI. CONCLUSION

In this paper, we proposed a pinning-based switching con-
trol method for supercapacitor energy storage systems. The
stability and convergence of the closed-loop system have
been proved rigorously. The performance of the proposed
method is analyzed in the unified framework and is further
verified with extensive experimental results. It is shown that
the classical decentralized control method is a special case of
the proposed design. Moreover, the performance metrics of the
energy storage system, including voltage deviation and energy
efficiency, have been improved considerably.

Future works focus on two main aspects: 1) exploring the
analytical relationship between the communication topology
and balancing time and 2) developing advanced control laws
to reduce the chattering phenomenon of switches.
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