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Abstract: In this paper, a control strategy of a cell-based multi-agent system is proposed to solve
the problem of inconsistency of series lithium-ion battery packs. The bidirectional Cuk converter
is utilized as an equalizing circuit serving for balancing adjacent cells in a pack. A SOC-based
consensus control with a time-triggered mechanism (TTM) is proposed. In order to reduce the actua-
tor updates, the control method is ameliorated by altering TTM to an event-triggered mechanism
(ETM). Adjustable balancing currents are designed in both TTM and ETM methods for the accel-
eration of the equalization process. The cases in dynamic environments under externally imposed
charging/discharging currents by adopting TTM and ETM methods are investigated in detail. By
comparison, the simulations and hardware-in-the-loop (HIL) experiments with a Typhoon real-time
simulator are illustrated to show that, both in standby or external charging/discharging conditions,
the proposed ETM algorithms are superior to TTM’s in terms of equalization time and adaptability to

the external environment.

Keywords: cell equalization; multi-agent system; time-triggered mechanism; event-triggered

mechanism; lithium-ion battery

1. Introduction

To solve the problems of energy crisis, sustainable energy has been developed and
received extensive attention. As an important player in sustainable energy, lithium-ion
batteries have been widely used in many fields, such as electric vehicles [1,2] and battery
energy storage systems [3,4], due to their merits including high energy density, low self-
discharge rate, low cost and rechargeable operation. Considering the low-voltage and
low-power features of the battery cell [5], it is necessary to connect multiple cells in
series and parallel to increase the capacity of the pack for high-voltage and high-power
applications. However, there exists a difference in production process, temperature and
others, and the same type of batteries that are produced by the same manufacturer show
inconsistency during use [6]. To address this phenomenon, the SOC difference [7] of cells
in a pack is presented to describe the inconsistency of the battery pack [8]. The cell with the
highest or lowest SOC states plays a decisive role and affects the charging and discharging
performance, which changes the loss distribution and the long-term service life of the
pack [9]. In other words, the service life is usually limited by the shortest-life cell, and this
phenomenon is called the “barrel effect”.

Although the problem of eliminating the inconsistency of battery packs is a big chal-
lenge [10-12], advancements have been made regarding the inconsistency mechanism and
advanced strategy. By balancing the SOC levels of all cells, the service life and safety
performance of the pack need to be improved. In this case, the battery-balancing problem
can be equivalently solved by the minimization of the cell SOC difference. The battery
balancing methods can be categorized into two types: the passive and the active methods.
The former is also called dissipation equalization and achieves pack balancing by means of
energy-consuming components such as switch resistors, which is only applicable in the
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charging phase. The latter is also called the non-dissipative equalization method, which
achieves SOC consistency across the battery pack by shifting energy from higher cells to
lower cells through equalization circuits [13]. Compared with the passive method, it attracts
more attention, which is attributed to its lower amount of energy used for dissipation and
faster equalizing speed. Active balancing methods are transformed into the following
forms: cell-to-cell, cell-to-pack, pack-to-cell, and pack-to-pack [11].

Compared with other balancing topologies, the cell-to-cell balancing structure poten-
tially achieves better efficiency [14]. This method realizes the equalization of all cells in a
pack by installing an ICE among the cells. The ICE has the merits of quick equalization,
simple implementation, and low cost. From the perspective of equalization topology, inno-
vative structures such as layered equalization have been developed in the acceleration of
equalization speed [15], but this increases the number of ICEs and the complexity of the
topology. Many balancing methods have been proposed, such as the multi-agent consensus
control based on multi-objective constraints [16]. However, it fails to output a reasonable
current to suppress the inconsistency during the charging process. In addition, precise bal-
ancing requires additional cost, complexity, and strict cooling design. A quasi-sliding mode
control strategy with SOC estimation [17] and an equalization strategy based on predictive
control [18] are proposed. But these types of methods can easily become computationally
infeasible and impractical. Some methods have been applied to optimize the battery bal-
ancing system, such as genetic algorithm, neural network [19], and particle swarm [20].
Moreover, the distributed consensus strategies of battery balancing are growing hot spots
and are widely used in factory electronics. Following the consensus spirit, the controlled
system converges to a balancing state with high speed and time-saving properties. The
“plug and play” function can be realized even when facing an abnormal emergency due to
its strong robustness and fast self-solving under the conditions of system faults, showing
the system’s flexibility and resiliency. Based on the intelligent reconfigurable battery, a
multi-agent voltage balancing strategy is applied [21], but it requires memory for each
battery node and becomes costly. In this sense, the consensus control for battery balancing
is proposed in this paper to explore the memory-less scheme, so that the memory for each
cell is not required anymore.

Inspired by the study of the distributed consensus method in the secondary con-
trol of the DC microgrid [22], an event-triggered consistency control strategy [23] with a
communication-less design is proposed to solve the problem of SOC balance and power
allocation among the distributed energy storages. However, the consensus will not spread
to the cell level, which has long-term negative impacts on lithium-ion battery safety. To
solve the cell-based inconsistency problem, a novel TTM and ETM balancing strategy with
a centralized structure is proposed in this paper.

The contributions in this paper are as follows: the balancing system is built as a
multi-agent system, where each battery cell is regarded as an agent and multi-agent control
is adopted during the balancing process. In addition, an event-triggered mechanism is
added in multi-agent system control, which is greatly beneficial to reducing the balancing
convergence time and the update frequency of the actuator. To accelerate the balancing
speed, the method of adjusting equalizing current is proposed for achieving cell consensus.
The equalizing current becomes time-variable with the sampled data instead of a stable
current. An improved balancing converter based on bidirectional Cuk [17] is utilized for
bidirectional energy transfer among cells with different SOCs. The process is implemented
via PWM applying to MOSFET of the ICE to generate a time-varying equalizing current. An
equalization strategy based on multi-agent consensus control with sampled data featuring
ETM is proposed in this paper.

The remainder of this paper is organized as follows: In Section 2, a model of the
balancing system for a series-connected battery pack is presented. In Section 3, a TTM
algorithm for balancing the battery pack by adjusting the balancing current is proposed.
In Section 4, an equalization strategy based on ETM towards sampled data is proposed to
speed up the equalization speed and reduce the actuator updates. Simulation results are
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presented in Section 5. HIL experiments are described in Section 6. This paper is concluded
in Section 7.

2. Equalizing System for Cells

In general, a series-connected battery pack has n cells and n — 1 ICEs with bidirectional
Cuk. The balancing system is designed as a multi-agent system with a fixed topology of G,
where the battery cell is taken as a node and the ICE is an edge, as shown in Figure 1.

Figure 1. The structure of cells and connected ICE.

ICE1?

CELLi < CELLj

2.1. The Model of ICE

In Figure 1, ICE is oriented as an edge to connect nodes of battery i, j. In other words,
ICE is the interface of bidirectional energy transfer for batteries i and j.

The left part of Figure 1 shows the circuit structure composed of ICE and batteries 7,
j. The right part is an equivalent topology that batteries i and j are connected to as nodes
through an edge with a bidirectional energy-transferring channel; it is equivalent to a fully
directed graph. In this paper, an improved bidirectional Cuk converter is used as the cell
equalizer, and its circuit model is shown in Figure 2.

otk fip:

+|- +|-
I I’
BT, BT,

Figure 2. Cell equalizer with bidirectional Cuk topology.

The battery equalizer is composed of two MOSFETs Q; and Q», two uncoupled
inductors Ly, Ly and an energy storage capacitor Cy. Because the bidirectional ICE possesses
a symmetrical structure, which can realize the bidirectional transfer of energy between
the two adjacency cells. The circuit is equipped with an alterable direction of balancing
current by controlling Q7 and Q;. The magnitude of the balancing current is adjusted by
the duty cycle of the PWM signal. The circuit component models in the bidirectional Cuk
are defined in Table 1.

Table 1. Specifications of ICE converter.

Converter Characteristic
Symbols

Description Values Units

L1, Ly Converter Inductance 100 uH

Cy Converter Capacitor 470 uF
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When battery i needs to be discharged for battery j, the duty cycle of MOSFET Q) is
for the regulation of equalization current; meanwhile, the duty cycle of Q; is constantly
zero, so that the energy transmission from cell 7 to cell j is realized. Conversely, energy
transferring from battery j to battery i can be achieved in the same manner.

As shown in Figure 3, when MOSFET Q) is turned on, L; and L, absorb energy from
cell i and capacity Cj, respectively. The voltage of L, is stable and it is kept charging. And
L, storages energy from Cq, which is the energy flow exhibited in step 1. While MOSFET Q;
is turned off, L; transfers energy to C; and L, transfers energy to cell i + 1, which accords to
step 2 in Figure 4. Accordingly, the energy transfer from cell 7 to cell i + 1 is realized.
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Figure 3. The waveform of inductive current voltage and duty cycle in bidirectional Cuk equaliza-
tion circuit.
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Figure 4. The operation steps for equalizing the two cells via ICE.
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In addition, the balancing current is computed and defined by the average value
derived from the measured inductor current of ICE. The average inductor current is defined
as follows when cell i is connected to cell i + 1 and discharges to cell i + 1:

TsVpiVeiDi
L.—=1:+ — i ~ I 1
eqi Lil ZLﬂ(VCj — VBi) Li2 @

where I ;1 and I1j; are the average current of L;j; and L, respectively, V(; is the average
voltage of the capacitor C;, Vp; denotes the voltage of the ith cell, and I,; represents the
equalizing current through ICE. T is switching period and Dj; represents the PWM duty
cycle which is applied to the MOSFET Qj; on the discharge side. Similarly, when the
i + 1th cell discharges its energy to the ith cell, the average balancing current can be written
as follows:
~ TsVBi VeiD?
2Lp(Vei — Vit

where Vp;,1 is the voltage of the i + 1th cell, and D, is the duty cycle applied to the
MOSFET D;; on the discharge side.

In the Ith bidirectional converter, MOSFETs Q;; and Qj; are turned on and off comple-
mentarily. According to Formulas (1) and (2), the duty cycle corresponding to the controlled
balancing current can be obtained as follows:

Lgi = Iip = ] ~ I (2)

2Li1 (Vei— Vi) legi ’
Diy = { T Tae o lei 20 ®)
0 , qui <0
0 ’ qui > 0
Djp = 2Lj1 (Vei— Vi) Legi )
T Ve o dei <0

The direction of the balancing current flowing from the ith to the (i + 1)th cell via ICE |
is defined as a positive direction, which has been addressed by I4 in Figure 5.

By measuring the average voltage of the battery and capacitor, the duty cycle of
MOSFET at each sampling time can be obtained after the appropriate design of balancing
current. In Section 3, a consensus algorithm for adjusting the balancing current is proposed,
and the corresponding duty cycle can be obtained by using and calculating Formulas (3)
and (4).

2.2. Balancing Current Design

The balancing current between cell i and cell j passing through ICE [ can be uniformly
expressed as follows:

leg, = pila(K) + (1 = p;) il (k) ©)

Legy = (1= pi) L (k) + pipilin (k) ©

| 1, when cellidischarges to cell j
Pi= 0, else

@)

where I;; (k) and Ij;(k) are the balancing current of cell i and cell j flowing into ICE [,

respectively, Iog, and I, are the equalizing current of cell i and cell j, respectively, and

Bi is the energy transfer efficiency of ICE [ satisfying 0 < B; < 1. But in ICE ], the energy

transfers can only be non-bidirectional. When the current is positive, there is p; = 1;

otherwise,p; = 0. The current passing through ICE [ to cell j is simplified as follows:
I;;(k), current direction is positive

(k) = { I Ek)), current direction is Zegative ®
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u; (k) is used to simplify the balancing current through ICE. According to Formulas (5)-
(8), it can be further deduced as:

Lo uy(k), current direction is positive )
e Biu;(k), current direction is negative
Lo u;(k), current direction is positive (10)
e Biu;(k), current direction is negative

For the convenience of analysis, the energy transfer efficiency is assumed as §; = 1.

L +
1 &l — BT,
+
L E’j
r H
L, @ -
LOAD
OR L; 0 A
SOURCE 2 3

Figure 5. A serial-connected battery pack with bidirectional Cuk equalizers.

2.3. Model of Cell Balancing System

Assume that the initial SOC of each cell at the initial time fy < f is known, the SOC
can be calculated by using the Coulomb counting method as follows:

S0C(1) = SOC (1) ~ g1 [ eg(v)dt (11)

where SOC;(t) and SOC;(to) represent the SOC state of cell i at time t and ty, respectively.
The state equation of the cell’s SOC is computed by:

SOCi(t) = — @il (t) = u;(t) (12)
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The sampling period is defined as Tj, and Equation (11) is discretized to obtain:
xj(k+1) = xi(k) — @i lpi(k) (13)

where x; represents the SOC of cell i, and ¢; = 1T/ (3600Q;), Q; is the Ampere-hour
energy of cell i and 7 is the Coulomb efficiency with # = 1 for discharging and 7 < 1
for charging.

For a series-connected cell pack with 7 cells and n — 1 ICEs, the terminal current of a
cell is calculated by:

n—1

Igi(k) = Is(k) + Y cilegir (k) (14)

j=1

For 1 <i < n, Ig;(k) is negative, occurring at discharging operation for the ith cell
and vice versa. I;(k) is the current crossing the whole cells while the pack discharges to an
external load or charges from the power source; each cell in a pack has the same external
current I; (k). C; is the equalizing parameter and is defined as:

1, cell i connected with cell j and SOC; > SOC;
Cit = { —1, cell i connected with cell j and SOC; < SOC; (15)

0, cell i not connected with cell j

According to Equations (13) and (14), the balancing model in the charging/discharging
pattern for a series-connected pack can be expressed as:

m

xXi(k+1) = xi(k) — ¢; Y citlogis (k) — pid (k) (16)
-1

d(k) is the external current of the whole pack, the same as I; (k) mentioned before. In
the actual working process, there are certain constraints on the current and cell SOC.

2.4. Constrains of the System
2.4.1. Equalizing Current Constraints

The equalizing current is very important to the safety of the battery cell. The current
should be kept within a reasonable range to prevent harmful overcharging and over-
discharging. The constraint of Iz (k) is defined as:

|15, (k)| < Ip (17)

Ip. .. indicates the maximum allowable current during the equalization process. Ac-
cording to Formula (17), it can be found that the controlled equalizing current satisfies the
following constraints:

(k)| < IBopay = s (k)] (18)

It is observed that the upper bound of the equalizing current is time-varying, which
changes with the external charging or discharging current.

2.4.2. Cell SOC Constraints

The cell’s SOC should be restrained in normal operation to avoid overcharging or
over-discharging and its constraint is expressed by:

Xminlmn < x(k) < Xmax1mn (19)

where xmax and xmin represent the upper bound and lower bound of the SOC, respectively.
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3. Equalizing System for Cells

Since battery SOC estimation has been deeply investigated and developed [24-26],
the battery SOC at each sampling instant is supposed to be known. In this section, the
relationship between battery cells and ICE is investigated through graph theory in detail.

3.1. Graph Theory

The network topology of the multi-agent system can be modeled as an undirected
graph G = (V, W). The edge represented by the ordered pair (v;, v;) indicates that agent i
and agent j have neighborhood interactions, which is expressed by (i,j) € W. In a series-
connected pack, each cell is regarded as a node, and an edge is built by the path connecting
two cells through ICE. V = {v1,v,...,v,} is represented as the point set of cells and
W C V x V is the set of interconnected edges. The balancing path covers all edges, which is
denoted as (v1,v2), (v2,v3), ..., Vo; € V. The set of neighbors of battery cell i is expressed by
N; = {j € V:(j,i) € W}. The graph G is called to be connected if there exists a connecting
path between any two cell nodes in graph G. As shown in Figure 6, the balancing topology
of a battery pack can be equivalent to a fully directed graph, where each pair of different
cells is bidirectionally connected via an edge. Two matrices are used to represent the
balancing topology, one is the adjacency matrix A = [aij] € R If (v;,0;) € W, then
ajj >0 and otherwise ajj = 0. The other is the degree matrix D = diag(dy,da, ..., d,), where
dq represents the sum of battery cells in set N;, the number of other cells connected with the
ith node. The Laplacian matrix is definedas L = D — Aand [;; = 2}1:1 ajj, lij = —ajj, i # J.
For general directed graphs, the Laplacian matrix is usually asymmetric. Therefore, the
cell balancing topology in this paper is a fully directed graph, and the Laplacian matrix is
symmetric, so L = LT > 0. The eigenvalues of L are all real numbers and can be addressed
by A1 < Ay < ... < Ay, where Ay = 0, Ay is the smallest non-zero eigenvalue and represents
the algebraic connectivity of the equalizing topology. In addition, the value of A, has a
certain influence on the equilibrium speed of the system.

According to the cell equalizing topology in Figure 6, the Laplacian matrix L is pre-
sented as follows:

1 -1 0 0 0
-1 2 -1 0 0
[ — o -1 2 ... 0 O (20)
0 0 0 2 -1
0 0 0 -1 1

Remark 1. Assuming the fully directed graph of the balancing system is fully connected in
this paper.

Figure 6. Topology graph of the cell equalizing system.

3.2. Multi-Agentconsensus Control

For a multi-agent system, the dynamics of each agent with a single integrator is defined
as follows:
xi(t) =u;(t),i=1,...,n (21)

where x;(t) is the state and can be redefined as the SOC of cell i, and u;(t) represents the
control input of agent i. The consensus control input u;(t) is designed by:

ui(t) = *27:1 a;j(x;(t) — xj(t)) (22)
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where a;(t) is the control gain between agent i and j over the time scale . The main idea is
to move the state of each agent towards its neighbors’ state to finally achieve consensus. For
a connected graph, all agents under the dynamic (20) and control law (21), will eventually
converge to consensus. In practice, the network topology model may be changed with the
dynamic trajectory of the pattern, which leads to the change in neighbor agents. A multi-
agent system can also achieve consensus if the underlying graph has a directed spanning
tree in a joint-connected manner in terms of the union of its time-varying graph topologies.

Remark 2. Considering the balancing topology changes over different time scales are neglected, the
topology is supposed to be in stable operation at each moment.

Theorem 1. Given for x(0) = [xT(0),x1(0),...,x1(0)] i lim |xi — xj|| <& Ve>0,Vije
—00

{1,2,...,n} succeeds, the consensus of dynamics (20) will be asymptotically realized.

The balancing structure of the system is outlined in Figure 7. As shown, the collector
of the battery state activates the collection for each cell at the sampling instant, and then
the collected states are submitted to the consensus controller. The control law is reset by
the consensus controller at each sampling instant, and the updated control law of each cell
is given to the connected ICE through the drive circuit.

o | Battery State |
Collector

\
Controller rive circuit

Figure 7. The balancing structure of the whole system.

Define u;(k) = Cjjl4i(k), and SOC state model of the cell under consensus control
can be obtained as follows:

m

xi(k+1) = xi(k) + ¢; ) u;(k) — gid (k) (23)
=1
where the consensus controller is written as:
ui(k) = =Yy aij() (xi(k) — x;(k)) (24)

The equalizing current will be reset with the change in u; (k). Combining Formulas (23)
and (24), it can be further obtained as follows:

xi(k+1) = xi(K) — @1 i (xi (k) — x;(k)) — gy (k) (25)
=1
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Combining the Laplacian matrix (20) and (25), the compact form of (25) can be rewrit-

ten as follows:
x(k+1) = x(k) — Lx(k) — @d(k) (26)

where ¢d(k) represents the external current during charging or discharging or under
external dynamic current conditions x = [x1,Xy,...,%;]" and ¢ = [@1, 92, @3, ..., ¢n]".

Because this equalizing strategy updates its actuator based on the latest sampled data,
this pattern is featured as the time-triggered and named time-triggered method (TTM). The
proof of consensus convergence of TTM can be found in Appendix A.

4. Consensus Algorithm with Event-Triggered Mechanism

Since TTM brings frequent updates to the actuator, it is necessary to find a new
method driven by less-updates with sampled data, and then ETM is proposed in this paper.
This strategy can not only greatly reduce the update frequency and control load, but also
effectively accelerate the equalizing speed.

4.1. Battery Balancing under ETM

The measurement error ¢; of the kth sampling data is expressed by:
ei(kh) £ x;(teh) — x;i(kh), te < k <ty (27)

The sampled data of all cells in a pack is applied to update the actuator depending on
the ETC rather than the fixed-time update in TTM.
The ETC of the control system can be shown as follows:

leT (txh 4 1h)Le(tyh + Ih)|| < o||xT (teh + 1) Lx(tyh 4 1) | (28)

Denote the kth trigger the update time of all cells at f;/1, and the next trigger time can
be defined as follows:

teprh = teh + inf{1h|||eT (txh + Ih)Le(tgh + Ih) |

> o||xT (bl + ) Lx (e + 1) | } (29)

where & is the sampling period and ¢ represents the constant parameter greater than zero.
As for o, the design process is detailed in Appendix B. x;(kh) is the data obtained by
measuring and estimating the SOC of cell i at kth time, wherein,tyh € {h,2h,...,nh}. The
set of event-triggering time is a subset of sampling-time data. The direction and magnitude
of the equalizing current will only be updated when ETC is met, instead of every sampling
instant. The event-triggered controller is designed based on the state and error of all cells.
When the trigger condition is satisfied and the state error reaches a threshold value, the
control inputs of all cells will be updated.

The balancing model of ETM is illustrated in Figure 8. The sampler collects SOC data
of the cell at each sampling instant, and the consensus controller and the CEP receive the
data from the sampler. The event detection is sensed in CEP and the signal is sent to the
event trigger and controller. If the arrived signal from the event trigger is positive, the
control law will be changed with the newest sampled data. And the updated controlled
equalizing current will be given to cells with ICE.

If the ETC in Equation (28) is satisfied, the accumulated sampling-data error is still
within the allowable range, and the inundated data are adopted by all actuators. The ETC
is only periodically calculated and checked at each sampling instant, which greatly reduces
the computational and measuring burden compared with other ETM using continuous data.
In other words, the ETC in Equation (28) brings the advantages of simplifying the control
procedure and saving computing resources. In conclusion, the sampler is time-driven
whereas the controller and actuator are event-triggered.
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Figure 8. The balancing model of ETM.

4.2. ETM Consensus Protocol for Cell Balancing

It can be seen from Formula (28) that the ETC of all cells is related to their sampled
data and error at the kth sampling instant. In other words, the central controller collects
each cell’s SoC at the sampling instant, and the state is driven at the latest trigger time.
The state error is calculated for evaluating ETC to decide whether to update the control
input of all cells. Thus, a novel consensus protocol based on the sampling data is proposed
as follows:

ui(t) = =Y (xi(txh) — xj(txh)), t € [teh, tpiah) (30)
JEN

The event-triggered time interval with [tyh, i 1h) = U;{’: tlk_l [kh, (k+1)h) is divided
into plenty of (t;,1 — t;) sampling intervals. Therefore, the consensus control protocol
t € [kh, (k+ 1)h) is derived as follows:

ui(t) = — X (xi(teh) — xj(tch))

jEN
= — X (xi(kh) — xj(kh)) 31)
jEN
- X (eiki) — k), £ € [k, (k+ 1))
je

Formula (31) can be rewritten into a compact form by:
u(t) = —L(x(kh) + e(kh)) (32)

where x = [xl,xz,...,xn]T and e = [el,ez,...,en]T. x;(txh) and x]-(tkh) are the recorded
SOC of batteries 7 and j. When the ETC is reached and Laplacian matrix L for the designed
equalizing topology is derived, the SOC-based consensus model with ETM over ¢t &
[kh, (k4 1)h) is presented as follows:

x(t) = x(kh) — L(x(kh) 4 e(kh)) — @d(kh) (33)

The “back-to-origin” state convergence for most existing consensus algorithms is
generally verified by the Lyapunov function design. But in this paper, the LaSalle invariance
theorem is proposed to analyze the convergence of event-triggered protocols, which makes
it converge to the subspace instead of the origin.

The proposed ETM balancing strategy has some outstanding advantages such as
the slow updating frequency of the equalizer actuator attributed to the event-triggered
sampling, which had never been reported in a battery balancing system previously. The
central controller is designed to decide the update time of the actuator according to the
latest sampling data derived from the ETC. It is concluded that this strategy can effectively
reduce the updated number of actuators. Overall, the ETM control strategy consumes less
equalization time than TTM’s, and the speed of cell equalizing is remarkably improved.

The proof of consensus convergence of ETM can refer to Appendix B.
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In order to avoid the Zeno effect in the event-triggered equilibrium, the ETC is judged
based on the periodic sampling data. The lower bound of the event piece time is at least
the sampling period /, so the Zeno effect is naturally eliminated in the proposed ETM.

5. Simulation Results

The test of a series-connected pack with four battery cells is simulated in MATLAB.
Under the traditional chain-topology pack, the TTM and ETM consensus controls are
verified in standby mode and the charging/discharging mode. A series of comparisons
were made for the equalizing strategy of TTM and ETM. The sampling period h equals
0.2 s. In order to validate the effectiveness of the proposed methods for convenience, the
capacity of each cell is designed to be about 0.1 Ah, and the voltage of each cell is set to
3.6 V. Also, two groups of batteries with different initial values of SOC are designed, and
the initial SOCs are specified as Case 1 and Case 2 in Table 2.

Table 2. The initial SOC of cells in pack for two methods.

Cell 1 Cell 2 Cell 3 Cell 4
Case 1 60 52 57 50
Case 2 56 47 53 48

It can be characterized that the arrival of convergence state for the battery pack is obtained
when the SOC difference in all cells and the average SOC satisfies lim |SOC(t) — SOC(t)|| <
—00

— n
¢, where ¢ is greater than zero and SOC(t) = 1 Y~ SOC;(t) represents the average SOC at
i=1

each sampling instant. In practice, ¢ = 0.2 is designed to avoid over-equalization after the
battery pack has already reached convergence.

In order to verify the equilibrium state of the system under dynamic external current,
the external current is imposed as 0.05 A, the period of the external current is set as 100 s, the
duty cycle is 0.5, and the SOC changes in the equalizing process of TTM and ETM are shown
in Figure 9. As observed, the equalizing system under external dynamic current can also
converge to consensus. The TTM system converges at 504 s, the ETM system convergences at
450 s, and the equalizing speed has been accelerated by 54 s; it is about 12% faster than TTM.
The result validates the effectiveness of ETM under an external variable current.

SOC[%)]

200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400

Time[s] Time[s]
(a) (b)

Figure 9. SOC responses of TTM and ETM under external variable current conditions: (a) TTM, (b) ETM.

From Figures 10-14, it can be concluded that the current and voltage of each cell will
reach zero, and the voltage of each cell convergences to a consensus value. The ETM system
has a faster convergence time.
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Figure 10. Current dynamics of TTM and ETM under external variable current condition: (a) TTM
(b) ETM.

The simulation results with TTM are presented in Figures 11-13. As shown in Figure 11a,
four cells with different initial SOCs finally reach an equalization point, and the conver-
gence time takes more than 470 s. The blue line in Figure 11b indicates the pre-defined
equalization upper bound &¢ = 0.2. The charging and discharging current are designed
to be 0.05A/—0.05A considering the simulated low-capacity battery. The SOC changes
when charging/discharging are shown in Figures 12a and 13a, and the SOC differences
are presented in Figures 12b and 13b. Whether in the standby state or the charging and
discharging state, the SOC in the pack eventually reaches the same equilibrium point and
it validates the theoretical analysis. Also, the difference between the pack SOC and the
mean SOC decreases in a quasi-exponential trend and eventually converges to zero. More
information containing equalizing current and voltage of each cell in different modes is
summarized and shown in Appendix C.

SOC[%]

SOC difference[%]

0 50 100 150

200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 500

Time[s] Time][s]

(a) (b)

Figure 11. Simulation results with the coefficient of Case 1 by using TTM: (a) SOC responses in
standby mode, (b) SOC difference in standby mode.
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Figure 12. Simulation results with the coefficient of Case 1 by using TTM: (a) SOC responses in
charging mode, (b) SOC difference in charging mode.
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Figure 13. Simulation results with the coefficient of Case 1 by using TTM: (a) SOC responses in
discharging mode, (b) SOC difference in discharging mode.
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Figure 14. Voltage dynamics of TTM and ETM under external variable current conditions: (a) TTM,
(b) ETM.
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ETC

The simulation results with ETM are captured in Figure 15. As shown in Figure 15, the
battery pack balancing is terminated while the SOC difference is slowly brought down to
0.2 to prevent excessive battery balancing. The comparisons between TTM and ETM can
be conducted by distinguishing the results of Figures 11a and 15a. The balancing process is
completed in 488 s under the TTM strategy, whereas it only takes 402 s while using the ETM
strategy. As a result, the balancing speed is accelerated and the number of actuator updates is
decreased, which is unquestionably beneficial to the battery health. In Figure 15¢, when the
red-marked ||e? (t¢h) Le(#¢h) || and the blue-labeled o ||xT (t¢h + Ih) Lx(tch + Ih) || intersect, the
error will be instantly reset to zero and an update of the actuator is triggered simultaneously.
The equalization system will be guided by using the latest sampled data. Compared with the
TTM strategy with an ks update period, much more than /s is available for the update in the
ETM strategy, which has significantly released the computational complexity.

30

>

25

s

3

ETC.

SOC difference[%]

o N & o o

50 100 150 200 250

Time[s]

(a)

Time[s] Time[s]
(b) (c)

Figure 15. Simulation results with the coefficient of Case 1 by using ETM: (a) SOC response in standby
mode, (b) SOC difference and the average SOC of the pack in standby mode. (c) The ETC dynamics
in standby mode.

Figure 16 shows the ETC relation under charging and discharging mode. Figure 17a,b
show the battery balancing dynamics under the ETM strategy during charging and dis-
charging operations, respectively. The charging and discharging current are set to be
0.05A/—0.05A—the same as the TTM strategy. Compared with the TTM strategy, the time
required for battery equalization to reach consensus is significantly decreased by using
the ETM strategy in both charging and discharging modes. The comparison is statistically
recorded in Table 3.

&
=
S,
. - ’/// ///—‘ ~ i > e
d p ”'[ > 0 ' T 1
5
50 100 150 200 250 300 350 50 100 150 200 250 300 350 400
Time[s] Time([s]
(a) (b)

Figure 16. Simulation results with coefficient of Case 1 by using ETM: (a) The ETC response in the
charging mode, (b) The ETC response in the discharging mode.
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Time[s] Time[s]
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Figure 17. Simulation results with the coefficient of Case 1 by using ETM: (a) SOC response in the
charging mode, (b) SOC response in the discharging mode.

Table 3. Comparison between TTM and ETM.

Convergence Time Standby Mode Charging Mode Discharging Mode
TT™M 488 s 500s 474 s
Case 1
ET™M 402's 395 s 424 s
TT™ 458 s 450 s 464 s
Case 2
ET™M 336s 426's 412s

SOC difference[%]

@

The SOC difference responses in the charging and discharging mode by using ETM with
initial Case 1 are presented in Figure 18. As shown, the SOC differences reach zero rapidly
and it shows non-linear features over time, attributed to the inherent characteristics of ETM.

@
/
/
/

SOC difference[%]
o

200 250 300 350 0 50 100 150 200 250 300 350 400
Time[s] Time[s]
(b)

Figure 18. Simulation results with the coefficient of Case 1 by using ETM: (a) SOC difference response
in the charging mode, (b) SOC difference response in the discharging mode.

As shown in Table 3, the equalizing speed of the ETM strategy is about 22.1% faster
than the TTM strategy in standby mode; this advantage will result in about a 13.1% faster
equalizing speed in the charging and discharging mode, respectively. These data indicate
that the ETM strategy effectively speeds up the balancing speed of the battery pack and
obtains a 10.9% increase over the TTM strategy.
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6. Hardware-in-the-Loop Results

To investigate the cell balancing performance after using the proposed ETM strategy,
the experimental verification by using CHIL is implemented. The CHIL experimental
hardware platform is shown in Figure 19. The battery balancing topology is generated in
Typhoon HIL604. The sampling frequency is set to 10 kHz, the battery capacity is designed
as about 1.2 Ah, the initial voltage of the battery while the cell is fully charged is set as 3.6 v,
and the parameters of 18,650 lithium batteries are adopted in HIL604 experiments. The
initial SOC value of the battery follows the specification of Case 1 in Table 2.

Figure 19. Hardware platform of CHIL experiment.

The definition of equalizing current in the experiments is designed as follows:
. Imax, |u| > Imax
leg = { u, else (34)

In order to protect the battery, the upper bound of the balancing current I,y is
necessary to be designed to prevent overcharging, over-discharging, and short-circuiting.

Figure 20a shows the SOC dynamical trajectory in the TTM equalizing process and
the convergence time is 2855s. The convergence time of the ETM equalizing method goes
to 2361 s, as shown in Figure 20b. It is obvious that this equalization time by using ETM is
much shorter than TTM’s. From this perspective, the pack balancing obtained by ETM is
superior to the TTM one in terms of equalization efficiency.

It can be seen from Figures 21-23 that the ETM strategy stimulates a faster balancing
speed than the TTM strategy. In the case of standby, charging, and discharging, the
equalizing speed is increased by about 9% and the equalization time is shortened.

In the SOC-based consensus strategy, the control implementation and ETM are mostly
based on simulation, rarely reported by experiment. This paper verifies the theory and
simulation through hardware-in-the-loop experiments and provides an effective way to
demonstrate the large-scale battery system.

In conclusion, the effectiveness and rapidity of the proposed ETM strategy of cell
balancing are validated by CHIL experiments. Compared with the traditional TTM strategy,
the equalizing time and the update frequency of the actuator have been remarkably reduced.

From Table 3 and Figures 20-23, it can be concluded that the ETM strategy has a faster
equalizing speed than that of the TTM strategy, which can save the balancing time so that
better consistency is obtained for all cells in a pack. Figures 15¢ and 16 show that the PWM
signal input into the MOSFET of ICE will change its value to control the balancing system only
when the red-marked ||e” (ty) Le(t¢h) || and the blue-labeled o ||xT (t¢h + Ih) Lx (tch + Ih) ||
intersect. Whereas The update frequency of TTM is related to the sampling time h instead. It
is much less than that of TTM, which can reduce the computing burden of the PWM signal.
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Figure 20. SOC response of the cells in a pack (a) under the external dynamic
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Figure 21. SOC response in (a) standby mode of TTM, (b) standby mode of ETM.
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Figure 23. SOC response in (a) discharging mode of TTM, (b) discharging mode of ETM.

7. Conclusions

From the perspective of a multi-agent system, the battery pack is designed as a
multi-agent system in this paper, regarding cells as nodes and ICEs as edges. From this, a
consensus algorithm based on SOC sampled data is proposed for accelerating the equalizing
speed of the cells in a pack. Furthermore, an SOC-based consensus equalizing strategy with
ETM is proposed. The convergence of the proposed two strategies is evaluated by using
the Lyapunov principle. As an appropriate sampling interval is designed, the consensus
performance of the battery cells is significantly improved. Finally, the validity of TTM
and ETM is verified through simulations and CHIL experiments. The equalizing time and
some other parameters are adopted as the evaluation indexes. The results show that the
equalizing speed by using the proposed ETM strategy is faster than that of TTM mostly
due to the decreased update frequency of the actuator. Overall, the novel idea of the ETM
equalization strategy provides a satisfactory solution and fits well with established theories
and experimental results.
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Nomenclature and Abbreviations

ij Battery serial numbers

D;; The duty cycle used to power the PWM signal of MOSFET j in ith ICE
L The Laplacian matrix of the system

MOSFET Metal-oxide semiconductor field-effect transistor.

Q1,Q The MOSFETs in one ICE.

Cy The capacitance in one ICE

Ly, Ly The inductance in one ICE

BTy, BT, The cells during the equalizing process in one ICE

The measurement error of cell i.
The control input of the equalizing system.
The SOC state during the equalizing process.
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V(t)

and

then,

let

then,

A The eigenvalue of Laplacian matrix L.
TT™ Time-triggered mechanism
ETM Event-triggered mechanism
ETC Event-triggered condition
50C State of charge

ICE Individual cell equalizer
PWM Pulse width modulation

CEP Centralized event processor
CHIL Control hardware-in-the-loop
ZOH Zero-order hold

Appendix A

Define: V (k) = xT (k)Lx(k),
AV =V(k+1)-V(k)
= [x(k) —ax(k)L — 9] L[x(k) — ax(k)L - ¢]
= [xT(k) — ax (k)L — @"]L[x(k) — ax(k)L — ¢]
= xTLx —axTL?x — xTLp — axTL2x + a3xTL3x + axTL?¢ — ¢TLx + apTL2x + ¢TL¢
= —2axTLx — xTLo + a?xTL3¢ + axTL2¢ — T Lx + apTL?x + ¢ Lg

There is an inconsistency: xT (kh)Le(kh) < % (xT (kh)Lx(kh) + ™ (kh)Le(kh)). We have:

AV < (a®Ay —20)xTL2x + (aAy, — 1)xTLe + (ady, — 1)@ Lx + ¢T Lo
< (a®Ay —2a)xTL2x + (ady — 1)xTLx + (ahy —2)@ Lo
wz)\n —2a <0
let AV <0,ithas: { aA, —1<0 . By designing reasonable control gain «, the system
ar, —2<0

converges to consensus.

Appendix B

According to the equalizing topology defined before, we define the Lyapunov function
as: V(t) = xT(H)x(t)
For t € [kh, (k+ 1)h), it is obtained as:

= —x"(t)L(x(kh) + e(kh))

= (t — ki) (x (ki + e(kh))) T L2 (x (kh) 4 e(kh)) — xT (kh)L(x(kh) + e(kh))

< —xT(kh)L(x(kh) +e(kh)) + hAy (x(kh) + e(kh)) T L(x(kh) + e(kh))

= —xT(kh)Lx(kh) — (kh)Le(kh)+h/\,,(xT(kh)Lx(kh) + xT (kh)Le(kh) + eT (kh)Lx(kh) + eT (kh)Le(kh))

= (hAy, — 1)x T(kh)Lx(kh) + (2hAy — 1)xT (kh) Le(kh) + hAye™ (k) Le(kh)

xT(kh)Le(kh) < %(xT(kh)Lx(kh) + €T (k) Le(kh))

V(t) < (hAy —1)xT (kh)Lx(kh) + (hAy — 1) (xT (kh) Lx(kh) + €T (kh) Le(kh)) + hAqe™ (kh)Le(kh)
< (2hAy — 3)xT (kh)Lx(kh) 4+ (2hAy — 3)eT (kh)Le(kh)

V(t) < 0 it has :

(2hAy — 3 ||x (kh)Lx(kh)|| + (2hA, — 3)||eT (kh)Le(kh)|| < 0

(2hAn — 5)||eT (kh)Le( kh )| < (3 —2hAu)|[xT (k) Lx(kh)||

e (ki) Le kh)| < mz’”" |xT (kh)Lx(kh)||  (ETC)

we have : zmih/\” >0= m <h< 4)3”1

The samphng period & can be defined from the formula above.

Leto = 2h)\im" ETC can be computed by ||e” (kh)Le(kh)|| < o||xT (ki) Lx(kh)||.

By LaSalle’s invariance principle, it can be deduced that, for Vt > o, V(t) < 0, the
consensus of the system is validated.
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Appendix C

Figures A1-A4 show the equalizing current and equalizing voltage of each cell in different

modes, such as standby mode, charging mode and discharging mode. These figures clearly
show the relationship among equalizing current, voltage and the external current. In Figures A1

and A2, the equalizing current of each cell under TTM and ETM all converges to a stable value.

The steady-state current difference between standby mode and charging/discharging mode is
exactly the predefined external current. In Figures A3 and A4, the voltage of each cell under
TTM and ETM all converges to a stable value with a decreasing difference.
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Figure A1. The equalizing current of each cell by using TTM: (a) in standby mode, (b) in discharging
mode, (c) in charging mode.
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Figure A2. The equalizing current of each cell by using ETM: (a) in standby mode, (b) in discharging
mode, (c) in charging mode.
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Figure A3. The voltage of each cell by using TTM: (a) in standby mode, (b) in discharging mode, (c)
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