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Abstract—This paper presents a distributed control strategy full, the string should not be charged further [7]. This rees
for state of charge balancing between the battery modules of a the effective capacity of the battery ES system. Therefire,

reconfigurable battery energy storage system. The autonomagu o ;
modules share state of charge information with their neighbours [)uallllénli:tilrlllgsjesttlgiegzpizcrltt—:}:qL?i:eecli battery ES system, a module

over a sparse communication network and cooperate to reach a . . .
balanced state of charge. The proposed control strategy priges Battery module SoC balancing can be provided by intro-
advantages in terms of reduced communication requirements, ducing an additional balancing circuit between the modules
and increased modularity, over a centralised battery management [8]. Another approach is to use individually controlled DC—

system. Steady state analysis provides bounds on the mean erorpc converters for each battery module [9]. However, both of

and mean squared error of the distributed average state of chaye th h . ignificant b f additi |
estimates used for autonomous balancing control. The proposed ese approaches require a signiicant number of additiona

control strategy enforces module topology constraints specifito ~ Components.

the particular reconfigurable battery implementation. The state Reconfigurable battery ES systems have been proposed for

of_charge _balancmg mode current (_:(_)ntroller prevents current g range of applications [10]-[13]. Reconfigurable batte8/ E

(sjplkes during L‘"Od“'ef topology t;anhsmons. EX%e”ment?' results  gystems incorporate a module switching circuit allowing th
emonstrate the performance of the proposed control straigy topology of the battery modules connected to the DC-DC

for a reconfigurable energy storage system made up of four 6V, . )
7Ah lead-acid battery modules. converter to be controlled. This allows a single power con-

Index Terms—Reconfigurable battery, state of charge estima- verter to be used for a range of functions, including chaygin

tion, state of charge balancing, distributed cooperative contry |0ad feeding and SoC balancing. The voltage and current
dynamic average consensus. capacity of the reconfigurable ES system can be adjusted

by changing the number of modules connected in series and
| INTRODUCTION parallel, increasing its flexibility and_ operat?r)g rangesd\
_ . adding redundant modules can provide additional robustnes

B ATTERY energy storage (ES) technologies offer a wide cenralised SoC balancing control strategies have been

range of power and energy densities, making them SUlfresented for ES systems with reconfigurable battery medule
able_ fOI.’ both mobile applications and f_|xed _bqu _storagﬁl]' [12] and modules with individual converters [9], [14]
applications [1]. Demand for battery ES is being driven bMowever, for a large battery ES system made up of many mod-
increasing interest in el_ectri(_: vehicles and power netvebok- ules, expensive processing and communications infrasneic
age, as well as reductions in the cost of battery techn®ogigi| pe required to support centralised SoC estimation and
(21, [3]- control.

Individual battery cells have low voltage and low current piciributed battery module monitoring has been proposed
capacity. To overcome this, most battery ES systems haye gea| with these issues, with modules connected by a
multiple modules connected in series and parallel, wittheag,,se communication network to a central controller [15],
module made up of multiple series connected cells [4]. Gefyg)  Byilding on this trend, a distributed control strateg
erally, a DC-DC converter is used to provide a controllable, he achieved by moving autonomous control functions to
power interface between the battery modules and the load [§ltrihuted hardware located at each battery module. Uader
However, individual modules are expected to have differefisyrinyted control strategy, autonomous agents use beigh
properties and operating conditions, so that even when € neighbour communication over a sparse communication
modules are operated with the same current, their states,afyork to cooperate and achieve common objectives [17].
charge (SoC) may diverge [6]. If any of the modules in a pistrinuted control provides advantages in terms of reduce
Series 9onnected string empty, .the entire string will beblena oo mmunication requirements, and increased modularity. [18
to provide energy. Conversely, if one of the modules becomgsy e future smart grid, distributed control could alsweha
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distributed battery ES systems [24]—[30]. Distributed tcoin Battery  Switching

has also been used to coordinate load sharing betweengbarall Modules ~ Circuit ~ DC-DC
DC-DC converters [31], [32]A distributed control strategy [/@T fffffff s = ﬁ Converter
for voltage balancing between reconfigurable battery cells /,O i T ) 1 S
is presented in [33]. However, battery SoC dynamics are »0" : : : : . }
not considered. Battery voltage is only a good indication EO,/'O"’”“ﬁDBMSF % : { =
of SoC when the battery current is very low, and after a A ALK viL
significant charge recovery period. This limits the speed aSparse Consensus Switching - Current
voltage balancing control strategy can provide accurate So  Network : _ Circuit d Loiiol
balancing. Also, the reconfigurable ES system considered in u; " Logic [

the paper allows any series connected module to be included

or excluded from the string of modules supplying the load, arrig. 1. High level block diagram for a reconfigurable batte§ system with
it is assumed that module topology constraints do not need!f Proposed battery module SoC balancing control strategy.

be enforced.

This paper presents a distributed control strategy for SOCthe main physical components of a reconfigurable battery

balancing between the battery modules of a reconfiguralpig system are a matrix of battery modules, a module switching
battery ES systenktach module has a distributed battery Markircuit, and a DC-DC converter that provides a controllable

agement system (DBMS) that performs the current and Vofgyer interface between the battery modules and the load

age monitoring and processing required for SoC estimati({_nl.z]' [13]. The control strategy is made up of a distributed

Th_e DBMSs operate autonomously, communicating with theorattery management system (DBMS) at each module, with
neighbours over a sparse communication network to coaperglcal SoC monitoring and control functions, a sparse com-

and achieve SoC balancing. This reduces the communicatigfinication network allowing neighbour to neighbour com-
and processing mfrastructure comoared to a centralisgeiPa \unication between the DBMSs, a balancing mode current
management system implementation. Battery modules addgghirolier, and a switching circuit logic block that congrthe

to the reconfigurable ES system can be included in the Sq,qyje switching circuit based on the control signals frém t
balancing strategy by connecting new DBMSs to the corgygpss.
munication network, improving scalability. A module switc 14 objective of the proposed control strategy is to control

ing circuit logic block enforces constraints on the modulge ransfer of energy between the reconfigurable battery ES
topology specific to the particular reconfigurable battemy i system modules so that they achieve a balanced SoC.
plementation. This decouples the higher level distribi8ed

estimation and cooperative control from the module switghi o
circuit implementation, providing modularity and allowithe A. Distributed Battery Management Systems

control strategy to be used for different reconfigurableeogt ~ Each module’s DBMS measures the local voltage and
ES systemsSteady state analysis provides bounds on thgirrent, and uses a Kalman filter to update a local module SoC
mean error and mean squared error of the distributed avergg@mate. The DBMSs share their local SoC estimates with
SoC estimates used for autonomous balancing control. $n tkeijr neighbours over a sparse communication network, and
paper the proposed control strategy is demonstrated for tfigdate local estimates of the average module SoC according
reconfigurable battery ES system from [13]. This battery B8 a dynamic average consensus protocol. The structure of
system achieves low switch count by imposing restrictions éhe dynamic average consensus protocol ensures that @lystea
the possible module configurations. A SoC balancing currestite, the average SoC estimates will have bounded mean erro
control is implemented that prevents current spikes durigghd mean squared error, as shown in Section IV. The dynamic
module topology transitions. Experimental results dertrates  average consensus protocol requires only a symmetric cemmu
the performance of the proposed control strategy for a recafication network with a spanning tree between the modules.
figurable ES system with four 6V, 7Ah lead-acid modules. The communication network topology doesn’t need to match
This paper is organised as follows. Section Il describeése physical connections between the battery modules.
the principle of operation for the proposed control strateg
Section Il presents the module switching logic for a lo
switch count reconfigurable battery ES system. Section
presents the distributed SoC estimation strategy. Exarian ~ Each DBMS generates a binary control signal, which is
results demonstrating the performance of the proposedatontHIGH if the local SoC estimate is above the local estimate of
strategy are provided in Section V. Section VI concludes tiiee average module SoC, and LOW otherwise. These control
paper. signals are updated at the sampling interval of the DBMS
Kalman filters, and are sent to the switching circuit logic
block. Based on these control signals, the switching dircui
logic block sets the gate signals of the module switchingudir
Fig. 1 shows a high level block diagram for a reconfigurable achieve SoC balancing.

battery ES system with the proposed distributed SoC baignci The switching circuit logic block is the only component
control strategy. of the proposed control strategy that depends on the physica

Module Switching Circuit Logic

1. PRINCIPLE OFOPERATION



realisation of the module switching circuithe switching

Battery Modul
circuit logic will be fully distributed if each module has T2k I Qe cells

\

dedicated switches allowing it to be connected or excluded

from the string supplying the DC-DC converter. An examplesn:

of this type of reconfigurable battery ES system topology is

found in [12]. For this type of topology, when feeding a load,

each module with high SoC would control its local switches

to join the string supplying the converter. Conversely,imyr

charging, each module with low SoC would join the string
Where there are restrictions on the possible module con-

nection topologies, such as in [13], the switching circagit

will have module interdependencies, and will no longer bég. 2. Low switch count reconfigurable battery ES systenfatir modules.

fully distributed. However, the switching circuit logicduk re-

quires minimal processing and communications infrastmect

compared to the distributed SoC and average SoC estimatityductor as a storage element. This example demonstrates

Therefore the primary benefits of distributed control e Now the switching circuit logic can be designed to provide

are maintained. SoC balancing while also enforcing module configuration
In Section Ill, switching circuit logic is presented forrestrictions.

the reconfigurable battery ES system from [13] when op- Fig. 2 shows the reconfigurable battery ES system topology

erated in a dedicated balancing mode that utilises the D& four modules. The module switching circuit introduceb-f

DC converter inductor as a storage eleméFtie dedicated bridges between the modules and the supply rails of the DC—

balancing mode allows for state of charge balancing betwelf converter, allowing the modules to be connected in fodwar

the battery modules during periods of no load. This is usef@f reverse biash low switch count is achieved by having each

for applications such as electric vehicles, which do notireq adjacent set of modules share the full-bridge leg betweemth

power when parked, and grid connected storage systems use@ach additional battery module requires only two aduktio

for peak shaving, which may not be used during periods 8fvitches.However, this introduces restrictions on the possible

moderate network load [1]The reconfigurable battery ESmodule connection topologies. Also, the voltage stresshen t

system modules are swapped between a charge and dischaygtches is not distributed evenly. For the top and the botto

cycle. In the discharge cycle, modules with high SoC (abo®#itches §r1-Sra and Sg1-Sp4), the stress increases from

the average module SoC) are connected in forward bias witéiht to left and left to right respectively. Devices wittffdrent

the inductor, which stores energy. In the charge cycle, fall ¥oltage ratings should be selected for each switch to opémi

the modules are connected in reverse bias with the induct$¢ cost and performance of the system.

and are thus charged. Proper selection of the modules edlud When the selector switch is DOWN the reconfigurable

in the discharge cycle provides SoC balancing. battery ES system operates in a dedicated SoC balancing
mode. The DC-DC converter inductdt is used as the

balancing mode storage element. The module switchingitircu

) ] ] ] is operated to swap between a discharging cycle, with high
During the discharge cycle, the inductor current increase$,c modules in forward bias, and a charging cycle with all

as energy is stored in the inductor. During the charge cycleyoqyles in reverse bias. The discharge and charge cycle for
decreases, as energy is transferred back to the batteryi@sody, four module battery ES system are shown in Fig. 3(a) and
A PI current controller sets the duty cycle of the discharge,g_ 3(b), when modules 1, 2 and 3 have high SoC.

cycle to regulate the inductor current to a desired referenc The reconfigurable battery ES system topology in Fig. 2
When a module transn_pn occurs, the inductor voltage changgq, ;s any set of adjacent modules to be connected in forward
suddenly and a significantly different duty cycle may bfjas \with the inductor. However, the modules don't have
required to achieve the same inductor current. To preveniienendent bypass switches, so non-adjacent modulestcann
transient spike in the battery current, the PI controlle®&et o ¢onnected in series. For example, consider the case where

by a signal from the switching circuit logic block, and anynerqy needs to be transferred from module 1 and module
additional long charge cycle is introduced. This transtees 5 ;1 "the inductor. This requireSz, and Sps to be ON. It

energy stored in the inductor to the battery modules, baf@e .., he seen from Fig. 3(a) that module 2 will be included

new voltage is applied. The current control does not requifg he string supplying the inductor, regardless of whether
information from the individual battery modules. other switches are ON or OFF. The switching circuit logic
must be designed so that SoC balancing is achieved, taking
l1l. BATTERY MODULE SWITCHING CIRCUIT LOGIC into account this restriction that only adjacent modules loa
The switching circuit logic is specific to the particularconnected in series.
reconfigurable battery implementation and operating mode.First, consider the case where there are only two battery
In this section, switching circuit logic is presented forethmodules. SoC balancing will be achieved if the module with
reconfigurable battery ES system from [13] when operated higher SoC is connected in forward bias during the discharge
a dedicated balancing mode that utilises the DC-DC convertycle, and both modules are connected in reverse bias during
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Fig. 3. Four module reconfigurable battery ES system in balgnmode, (b)

when modules 1, 2 and 3 have local SoC estimates above theagav&oC

estimates. (a) Discharge Cycléy, Sps, and.S, are ON. The current flow Fig. 4. Four module reconfigurable battery ES system in baignmode.

path is shown in red. Energy is transferred from the battergutes to the \odule 2 has failed. Modules 1 and 2 are excluded from batapdilodule

inductor. (b) Charge Cycle: All switches are off. The cutrlow path is 3 has a local SoC estimate above the average SoC estimate.s@)aRje

shown in blue. Energy is transferred from the inductor tolthtery modules. Cycle: Sts, Sgs, andsS, are ON. The current flow path is shown in red. (b)
Charge CycleiSg, is ON. The current flow path is shown in blue.

the charge cycle. Similarly if the modules of a multi-module

reconfigurable battery ES system can be divided into two

blocks, with the left block modules all below the averaggrised by an inability to provide charge, and will be degeict

SoC, and the right block modules all above the average Sqfy,the DBMSs as an excessive impedance.

then the SoC difference between all of the modules will be ) ] )

reduced by connecting the right block of modules in forward In the case where module failure is detected, the associated

bias during the discharge cycle. DBMS will send an error signal to the switching circuit
The switching control logic proposed for the reconfigurabll@9ic Plock, which will modify the switching control logic

battery ES system is to connect the left-most block of adiacéo exclyde the affected battery module. The _restnc_tlort tha

modules with HIGH control signals during the discharge eycfon-adjacent modules cannot be connected in series means

(i.e. modules that estimate their SoC is above the averalgét either the modules to the left or the right of the failed

module SoC). This will cause a rightward movement of charggl0dule must be excluded from balancing, so the side with

until all modules with high SoC are in an adjacent block offWer modules is excluded. For the dynamic average consensu

the right of the ES system. From this point, the modules is tHp"0tocol, the DBMSs of the excluded modules will particgpat
block will be discharged, reducing the SoC difference betwePY SIMPly passing on signals received from their neighbours
all of the modules. so that the average SoC of the non-excluded modules is
For anN module reconfigurable battery ES systemylgbe Calculated.
the binary control signal from thigh DBMS, and letS7; and  f there are fewer modules to the left of the failed module
Spi be the status of théh top and bottom switch respectively.;, S will be ON for the charging cycle, an@r;, j <1
The switching control logic to achieve the desired functidy and Spj, 7 < i will be OFF for both cycles. Balancing can
is described by the following boolean expressions. proceed using the switching control logic for a reconfigigab
battery with modules equal to the number of modules to the
right of the failed module. The discharge and charge cyale fo
a four module battery ES system which has had a failure in

Discharge Cycle :

St1 = uq,

Sti = Uilli_1 - - U1, iE{Q,...,N}-

Sp1 = uiliz, Spny = unSB2---SBN-1,

Spi = uitii+1551Sp2 - Spi—1, 1 €{2,...,N — 1}

Charge Cycle :
STZ'ZO, SBZ'ZO, iE{L...,N}.

module 2 is shown in Fig. 4(a) and Fig. 4(b), when module 3
has high SoC.

If there are fewer modules to the right of the failed module
i, then Sp; and S, will be ON for the charging cycle, and
Stj, j > 4 and Sgj, j > i will be OFF for both cycles.
The discharge and charge cycle for a four module battery ES

Battery modules are subject to progressive degradationsystem which has had a failure in module 3 is shown in Fig.
well as catastrophic failures [34]. Module failures arerelca 5(a) and Fig. 5(b), when module 1 has high SoC.
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Fig. 6. Battery module circuit model.

following discrete time state space model available frosi.[3

xi(t+ h) = Ajz;(t) + Biii(t) + w;(t), Q)
yi(t) = Cimi(t) + vi(t) = Voi(t) +vi(t),

i(t) = [Vii(t) Vailt) Voi(1)],

Elw;] =0, E[v;] =0,

® E[w;(t)wi(t)"] = Qi, Elvi(t)vi(t)"] = Ri.

Fig. 5. Four module reconfigurable battery ES system in baignmode. ; ; ;
Module 3 has failed. Modules 3 and 4 are excluded from batandlodule h'is the ?amp"”g perIOd' . .

1 has a local SoC estimate above the average SoC estimate.sg)aRje The discrete time Kalman filters are updated according to
Cycle: St1, Sp1, andS;, are ON. The current flow path is shown in red. (b)the foIIowmg algomhm [37]

Charge Cycle:S, and St3 are ON. The current flow path is shown in blue.

Prediction Step :
i (t + hlt) = Ai2i(t]t) + Biii(t)
IV. DISTRIBUTED STATE OF CHARGE ESTIMATION P(t + hlt) = A P,(t|) AT + Q;

Update Step :
Each battery module has a DBMS with a Kalman filter to (¢t + h) = P;(t + h|t)CT[C; Pi(t + h|t)CF + R;]~?
estimate the module SoC. The DBMSs also update estimates - _ >
of the average SoC of the reconfigurable battery ES system Gt +h) =it + h) = Cidi(t + hft) R
modules using a dynamic average consensus protocol based?i(t + klt +h) = 2i(t + hlh) + K(t + h)gi(t + h)
on neighbour to neighbour communication over a sparse Pi(t + hlt+ h) =[I — K(t 4+ h)C;]P;(t + hlt).

communication network. At each time interval the discrete time Kalman filter progde

an unbiased state estimate given by z;(t) = x;(¢) + Z;(¢),
wherez;(t) is the actual module state angl(¢) is the predic-
tion error. Note thal[z;(¢)] = 0 andE[Z;(t)7:(t)T] = P;(t).
The steady state estimation error covariaigés given by the

solution to the following discrete time Riccati equation.
The battery module SoC is not directly measurable. How-

ever, it can be estimated based on output voltage and curredt; = A; %A} — A, P,CI[CiP,.CT + R 'CiPAT + Qi
measurements, assuming an approximate batiery model Iﬁ/lodule SoC estimates can be obtained from the estimated
known. The second order RC circuit model shown in Fig. 6 Eulk capacitance voltage.

used to model the lead-acid battery module dynamics [35]. .
and R; model the slow SoC dynamics of the battery, while . 30 (Vik = Vilomsocy)

C,; and R,; model the faster surface voltage dynamiés; SoC; = B : 2
is the terminal resistance of the battery module.

Model uncertainty and measurement noise is modelled
introducing zero-mean white process noisg on the states
and measurement noigg on the output measurements [36]
In this case a Kalman filter provides an unbiased SoC estimate
with minimum error covariance. It is assumed that the preceB. Dynamic Average Consensus
noise is uncorrelated across the ES System StateS, andhé¢hat t Each DBMS requires a |oca| estimate Of the average modu'e
process and measurement noise is uncorrelated across #8e. This estimate is updated based on its local SoC estimate
and between the ES systems. and information received from neighbouring modules in the

Let the ith battery module’s dynamics be described by thegparse communication network.

A. Local Kalman Filter Based Sate of Charge Estimation

oC; is the estimated fraction of module energy remaining,
bo%soc) IS the steady state open circuit voltage at 0% SoC
and E,,,.; is the rated battery capacity in Ws.



Consider a reconfigurable battery ES system wNthmod- pounding over time.
ules, each with a DBMS. The communication network be-
tween them is described by a graghV, &), whereV =
{1,..., N} are nodes, each representing a DBMS, @ng) €
£ is an edge, representing a communication link allowing )
information to flow from node to nodej. The neighbours & Steady Sate Analysis
of node i are give by; € A, where (j,i) € £. Each
communication link has a link weiglat;. The graph dynamics ~ The dynamic average consensus steady state mean error and

are described by a consensus matix mean squared error provide statistical measures of theasti
o tion accuracy. The estimation accuracy limits the accucy
1= jen, tijy 1= the SoC balancing control strategy, since the energy eamsf
[A]ij = { aij, i ] (3) between the modules are decided by their estimates of the
0, otherwise. average module SoC.
In [38], the following first order dynamic average consensus 1h€ dynamic average consensus protocol error is given by,
protocol, with update period, is introduced. 117
Xt +h) =%t +h) — =—r(t). )
Tri(t+h) = 25(t)+ Y aij (@ (1) — i (1) + Ari(t). (4) N
JEN; Let the matrixP = (I — %), where the elements dPx are

r;(t) is the reference signal at nodeand z,;(t) is nodei’s the differences between the elementsxofnd their average.
estimate of the average referenceis the difference operator, From the conservation property (6),

so Ar;(t) = r;(t) — r;(t — h). The global consensus dynamics %,.(t + h) = Px,(t + h). 8)
are given by
Assuming there is a path between the DBMSs and the average
X (t +h) = Ax,(t) + Ar(t), where (®)  consensus conditions are satisfidd has a single eigenvalue
X, = [z zon]T, Ar=[Ary - Ary]T. with magnitude 1, and all other eigenvalues strictly ingiue

L . unit circle [39]. In this caseP has the following properties,
Let the communication link weights be chosen so that tl}gA _ AP[P]: P? and all eigenvalues oPAPgaE)e sF')[rictIy
communication network is symmetriA(= A7), and there inside the ,unit circle [40]

exists « > 0 such that the following average consensus '

conditions are satisfied [39]. The total mean squared error is given by
1) ai > a, Vi. MSE¢ota1 = trace(E[X,(t + h)%,(t + h)T]). 9)
2) a;; € {0} U, 1], V i,5. .
3) A1—1. Using (5).
Under these conditions the following conservation propert E[x,.(t + h)%,(t + h)7] (20)
holds [38]. = E[(PAX,(t) + PAr(t))(PAx,(t) + PAr(t))"]

T T )
1, (t+h) =1"r(t). ) = PAE[X,(t)%,.(t)T]AP 4+ PQP,

If the reference signals have bounded first order difference 0 Q = AE[x, () Ar(t)T] + E[Ar(H)%, (1) T]A
Ar;(t) < oo, Vt, and the communication network provides T

a path between all of the nodes, then the estimates of +E[Ar(t)Ar(t)"].

the reference average will have bounded steady state ermafe vector of local SoC estimatest) can be expressed as,
limy o0 2,4(t) — 214(t) < oo [38]. The convergence rate of - R

discrete time consensus algorithms is analysed in [39]. The r(t) = r(t) +£(t), (11)
convergence rate can be increased by reducing the updgre f(t) is the actual SoC vector and(t) is a

The objective for the DBMSs s to reach consensus at tBeate meanlim, . E[f(t)] = E[f|,, and covariance

average of the local SoC estimates. Therefore, each DBMR,, | E[#(t)5(t)7] — E[f(t)]|E[F(t)]T = .
sets its consensus protocol referengg) equal to its local

SoC estimate (2). However, although the state estimates fro.The dynamic average consensus protocol mean error is

the local Kalman filters have bounded steady state covaarjanglven by
they do not have bounded first order differences. E[%,(t + h)] = PAE[x,(t)] + PE[Ar(t)] (12)
The distributed average consensus protocol (4) has un- — PAE[x,(t)] + P(AF(t) + E[AF(2)]).

bounded steady state error for references with unboundsd fir

order differences. Despite this, the following sectionveho In steady state, let the change in the battery module SoC each
that meaningful consensus is still provided, since theamyer sampling period be given bir,. In this case the steady state
state estimates have bounded steady state mean squaned &&an error is given by,

T_his is due_to the difference operator_ applied to the refsgen lim E[%,(1)] = E[&,]ss = [I — PA]"'PAF,,. (13)
signals, which prevents the SoC estimation error from com- t—oo



Next, the steady state terms @ will be obtained. TABLE |
RECONFIGURABLEBATTERY ES SrSTEM PARAMETERS
E[x,(t)Ar(t)T] (14)

=PE[(A%,(t — h) + Ar(t — h))Ar(t)"]

~—

DC-DC Converter and Control System

_ T
=PAER, (8 = h)J(Ax( T) * E[Af(tm o Inductor  1.02mH f,  20kHz k,  0.05
+ P(Ar(t — h)Ar() [Af( mIAx(E) ki 0.2 TKF  100ms T9 100ms
+ AR(t — WE[AF(H)T] + E[AT(t — h)AT()T]) Lead-Acid Battery Modules
Therefore, Viioo%soc) 6V Eraz  42Wh R, 97.6n1)
lim B[z, Ar”] = P(AE[&, ], ATL, + AP AP, — 35). Veowsoc) 94V Ry 32.5m2 Ry 32.5m)
fmreo (15) Cyp 44211F C; 2323F R 0.037
Vo 1x10~7 Vs 1x10°6 Vo 1x107°
Similarly, @ X @ s @ X
Jim E[Arx!] = (At E[X, LA + AF, AT, — ¥5)P. —>DBMS 2«
(16) v v
Finally, DBMS 1 DBMS 3
E[Ar(t)Ar()T] = Ar(t) Ar(t)" + E[AF(®)]AR(H)T  (17) A h
+ AFOEIAF)T] + E[AF(HAFE)T]. - >DBMS 4«
Therefore, Fig. 7. The sparse communication network topology connec¢tisgBMSs.
tlim E[ArArT] = Ar, AFL, + 2%;. (18)
— 00

o of the local Kalman filtersTX¥ and the dynamic average
The steady state solutiotim;_,c PQP = PQ.P < o0 consensus protocol updated peridd’? were set to 100ms.
can be obtained from (15), (16) and (18). Since the eigeBgalurne topology of the sparse communication network conngctin

of PAP are strictly inside the unit circle, an®Q,;P < ihe DBMSs is shown in Fig. 7.
oo, the steady state total mean squared error is boundeda 1 inductor current reference was selected. The small

T
MSEiotalss = trace(E[% % ]s.). E[%,X,].s can be obtained signal transfer function between the duty cycle and induc-
by solving the following Lyapunov equation. tor current is given bym(a _ VL;WJeJrVdm;m”e where

E[x,%],s = PAE[Z,X"],; AP + PQ,,P. (19) Vaischarge is the combmeé voltage of the Smodules connected
in forward bias with the inductor during the discharge cycle
Since the communication network is SymmetrlC the averagﬁdvhmge is the V0|tage of the modules connected in reverse
consensus conditions will be maintained even in the cagps during the charge cycle [13]. The PI current controller
of communication link failure. Therefore, as long as thgams were selected to bg, = 0.05 and k; = 0.2, giving
communication network still provides a path between thg phase margin of 89 degrees and a closed loop bandwidth
DBMSs in steady state, the DBMSs will obtain estimates @fetween 240Hz and 333Hz, depending on the number of
the average module SoC with bounded mean error and meg#dules connected during the discharge cycle.
squared error. Redundant links above those required tad®ov  The distributed average consensus protocol steady state
a path between the DBMSs will improve the tolerance of thgorst case theoretical mean error(i6Ws, the maximum

network to communication link failure. element off[%,],,. This occurs when a single battery module
is included in the discharge cycle, giving the maximum
V. EXPERIMENTAL RESULTS deviation of module SoC from the average over the update

Experimental results demonstrate the performance of tigerval. The theoretical steady state total mean squared e
proposed distributed SoC balancing control stratégy.safety is given by MSEotaiss = 2.10(Wh)?. This corresponds to
considerations, the control strategy was tested on a lotagel an individual battery module average SoC estimate standard
reconfigurable battery ES system prototype with four 6V, 7A¢eviation of 0.725Wh (1.7% of the total capacity).
lead-acid modules. A full sized system would be in range The battery modules begin with open circuit voltages be-
of hundreds of volts for practical applications such as D@®veen 5.65V and 6V, corresponding to SoC between 40% and
microgrids or electric vehicles. In [13] a reconfigurable E$00%, as shown in Fig. 8. The Kalman filter estimates were
system with three 132V modules, each made up of 11 seripgialised based on the measured output voltages of theryat
12V 180 Ah lead acid cells, is evaluated. modules.

The parameters of the reconfigurable battery ES system ardhe DBMSs share their SoC estimates with their neighbours
listed in Table I. The battery module parameters were obthinevery 100ms and update their local estimate of the average
using the system identification procedure from [35]. module SoC according to the dynamic average consensus pro-

The distributed control strategy was implemented virjualitocol. As shown in Fig. 9, it takes approximately 1.5 seconds
on a dSPACE DS1006 Processor Board. The sampling perfod the local average module SoC estimates to converge.
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Energy is transferred between the battery modules acaprd
to the module switching circuit logic described in Sectidin |
Initially, the SoC estimates of modules 2 and 4 are above th
estimate of the average SoC, and thus they have HIGH coni
signals. However, these modules are not adjacent and car
be connected in series without module 3. In accordance w ‘ ‘ ‘ ‘
the module switching logic, the left-most block of adjacer 10 15 20 25 30
modules (i.e. module 2) is connected in forward bias with tt.. Time (min)
inductor during the discharge cycle, while the full strirg iFig. 11. Battery module voltages over the course of SoC baignc
connected in reverse bias during the charge cycle. Fig.)10(a
shows an oscilloscope screen capture with the inductor and
battery module currents for several charge/dischargeesycktrategy for SoC balancing.

during this period. Fig. 12 shows the inductor current, averaged across the
As shown in Fig. 8, the SoC of module 2 is reduced, whileharge/discharge cycle, over the course of SoC balancing.
the SoC of the remaining modules increase. This continuglse inductor current is regulated at the 1A reference, with a
until module 3 reaches the average SoC, after approximateiaximum current of 1.06A. The variations seen after 8.3min
8.3 minutes. When module 3 estimates its SoC is above the caused by additional 20ms charge cycles inserted betwee
average module SoC, its control signal becomes HIGH andhibdule topology transitions, which reset the inductor enirr
is included in the discharge cycle with modules 2 and 4. Figp zero to prevent inductor current spikes. Fig. 13 provides
10(b) shows an oscilloscope screen capture during thisgheria zoomed in view, showing the current control performance
When module 3 estimates its SoC has fallen below the averagering a module topology transition. At 501.2s, only module
its control signal returns to LOW. This keeps module 3 ne@ris included in the discharge cycle. At 501.38s the control
the average SoC while module 2 continues to discharge. signals of modules 3 and 4 become HIGH. However, if
After 24 minutes, the SoC of all of the battery modules amodules 3 and 4 were suddenly included in the discharge cycle
approximately balanced and the SoC estimates remain witkihthe previous duty cycle, the inductor current would spike
0.4% of one another. Fig. 11 shows the battery module voltade prevent this, a 20ms charge cycle is inserted so that the
measurements. The strong current dependence of the battedyctor energy is transferred to the battery modules, hed t
voltage demonstrates the limitations of a voltage balancif®l current controller is reset. Following the extra chargee,
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Fig. 12. Inductor current, averaged across the chargévalige cycle, over

the course of SoC balancing. The variations after 8.3min atsed by the
additional 20ms charge cycles inserted between module tgpdtansitions
to prevent inductor current spikes. The maximum inductoreniris 1.06A.
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Fig. 13. Inductor and battery currents, averaged acrosshhege/discharge
cycle, during a transition from module 2 connected in theldisge cycle, to [14]
modules 2, 3 and 4 connected in the discharge cycle. A 20ms elgde

is inserted between the module topology transition, trarisfg energy from

the inductor to the battery modules and preventing a spikeiirent.

(15]

the inductor current is regulated back to the 1A referend&®l
without significant overshoot.
[17]

VI. CONCLUSION

A distributed control strategy for SoC balancing betwee[%s]
the modules of a reconfigurable battery ES system has been
presented. The proposed control strategy requires only a
sparse communication network between distributed battgyy;
management systems, providing advantages in terms of re-
duced communication requirements, and increased motjylari
over a centralised battery management system. A switchi
circuit logic block is introduced to provide SoC balancing
based on binary control signals received from the disteithut
battery management systems, while enforcing module top[le%]
ogy constraints specific to the particular reconfigurabléehba
implementation. The performance of the proposed control
strategy has been demonstrated for a reconfigurable bat

ES system with four 6V, 7Ah lead-acid modules.
[23]
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