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Load Management of Modular Battery using Model Predictive
Control: Thermal and State-of-Charge Balancing

Faisal Altaf, Bo EgardtFellow, IEEE,and Lars Johannesson

Abstract—Thermal and state-of-charge (SOC) imbalance is
well known to cause non-uniform ageing in batteries. This pper
presents the electro-thermal control of a multi-level conerter
(MLC) based modular battery to address this issue. The moduar
battery provides a large redundancy in synthesizing termiml
voltage, which gives extra degrees-of-freedom in control ro
cell level. There are multiple tightly coupled control objectives
including the simultaneous thermal and SOC balancing as wkhs
battery terminal voltage control. The main purpose of this paper
is to devise an electro-thermal control scheme for cases wieefull
future driving information is not accessible. The control £heme
is based on decomposition of controller into two orthogonal
components, one for voltage control and the other for balaniog
control. This problem decomposition enables the applicatin of
constrained linear quadratic model predictive control scleme to
solve the balancing problem elegantly. The control schemesi
thoroughly evaluated through simulations of a four cell modilar
battery. The results show that a rather short prediction horizon
is sufficient to achieve robust control performance.

Index Terms—Batteries, cell balancing, SOC balancing, ther-
mal balancing, modular battery, battery control, multilevel con-
verters, model predictive control (MPC).

I. INTRODUCTION

There has in recent years been an increasing interest
battery-powered electrified vehicles (XEVs) to reduce carb
footprint of transportation and the dependence on fossisfu

emerging as one of the major alternative choices for future
XEVs. However, like all other battery types, the ageing odte
each Li-ion cell in a battery pack is greatly affected by vas
factors like SOC level, depth-of-discharge (DOD), tempera
ture, and c-rate etc [3]-[6]. In short, the cells in the giieing
stored or cycled at higher SOC-level, DOD and temperature
age faster than those at lower SOC, DOD, and temperature.
Therefore, thermal, SOC, and DOD imbalances in a battery
pack may cause nonuniform ageing of cells. Another serious
issue is that the cell imbalance and nonuniform ageing are
tightly coupled, which may lead to a vicious cycle resulting
in the premature end of battery life. In addition to nonumifio
ageing, the SOC imbalance also has a detrimental impact on
the total usable capacity of the battery, see review pap@rs [
and [8] for details. Therefore, thermal and SOC imbalance ca
be considered as an indirect indication of either tempooary
permanent health imbalance among cells.

Thermal, SOC and DOD imbalance is inevitable in battery
packs of XEVs. The thermal imbalance is mainly caused by
variations in internal resistances of cells and tempeeajeadi-
ent in the battery coolant, which is not negligible in xEV${9
[11]. The SOC imbalance is primarily caused by variations in
cﬁbacities, leakage currents, and operating conditioglts,
whereas the DOD imbalance occurs as a result of the SOC and
capacity imbalance. It is also pertinent to mention heré¢ tha

The battery pack of xEVs is one of the most expensive butygy e narametric variations are not negligible even istre
key component in the powertrain, which helps to downsize Qpq of 54 same batch [12]. Thus, thermal and SOC balancer is

completely eliminate the internal combustion engine. €her

fore, the battery lifetime is an important factor for the cegs

quite critical for optimal performance of automotive bets.
In addition, the potential of used automotive battery pasks

of xEVs. In this regard, in_ addition t_o ongoing funda_ment%a”ed second life batteries) is being investigated forrsigréd
research on battery materials, batteries have also gaitetd aenergy storage applications [13]. The need of thermal ar@d SO

of research attention recently from the systems and cont
community, see for example [1] and [2]. The overall goal is t9
develop a knowledge base to desiggittery health-conscious

lancer may be even more critical in such applications due t
ery high probability of large variance in parameters ofsthe
second-life batteries. The SOC balancing can be achieved us

power management algorithms and battery management ﬁ}@'various types of passive or active SOC balancers, sde [14

tems (BMS) for optimal utilization of currently availablelts

[16], whereas thermal balancing can potentially be aclieve

to guarantee their long and uniform lifetime in Iarge-scal&sing active cooling with reciprocating air-flow, see [1hiit

energy storage applications like XxEVs and smart grids.

not under parametric variations [17].

The battery pack of xEVs consists of long strings of The notion ofsimultaneous thermal and SOC balancing

series and parallel connected cells to meet the tractiorepoy
demands. The lithium-ion batteries, due to their relagive
higher specific energy and long deep-cycle life, are culyen
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sing a single active balancing device was introduced in our
trevious work, see [17]-[19]. A similar kind of conceptual
tudy has also been carried out recently by other authojs [20
Thermal and SOC balancing are two tightly coupled and
somewhat conflicting objectives, but it is possible to aghie
both simultaneously in an average sense [8]. For this, load
variations and surplus voltage in the battery pack are redui
Also, a special balancing device that enablesrtbe-uniform
load schedulingof cells, is needed. ThBILC-based modular
battery system is a potential candidate for this purpose. The
MLC [21], [22] consists ofn cascaded power units (PUS),
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each containing a smaller battery unit and a full-bridge dt¢n addition, the control behavior and the effect of drivingle
dc converter, which enables bidirectional power flow frorand prediction horizon on the balancing performance a@ als
each battery unit. The modular battery is reconfigurable twitically analyzed through simulations (fourth conttiioun).
generate a range of terminal voltages. It also provides aThe proposed control scheme is thoroughly evaluated in a
large redundancy in the voltage synthesis, which givesaexgimulation study for various real world and certificatioriver
degrees-of-freedom in control. cycles. The study is focussed on an air-cooled modulartyatte
The modular battery has multiple electro-thermal contrabnsisting of only four modules for illustration purposerF
objectives, including simultaneous thermal and SOC batgnc simplicity, the electrical behavior of cells is describesing
as well as terminal voltage control. The control problem afimple cell model [24] based on resistive circuits, whereas
modular battery boils down to tHead management problem thermal behavior is modeled using lumped capacitance and
The main goal of BMS is to satisfy the demand withoulow network modeling approach [11], [25]-[27]. In order to
draining out (SOC imbalance) and over-stressing (thermathalyze the effectiveness of the control scheme, the cedls a
imbalance) any single battery unit. Since cells are assumedassumed to have significant differences in their resisgnce
have variations in parametetsg@lth imbalanceand operating capacities, and initial SOCs. The load on the modular batter
conditions, the equal loading of cells is not a good policy fds assumed to be three-phase electric drive of Toyota Prius
optimal battery performance. A natural question is then hoddHEV running in pure EV mode.
to distribute demanded load among cells. Our approach is toThe paper is organized as follows. Section Il summarizes
use a criterion based on level of thermal and SOC deviatiotise notation used in this paper. Section Il gives an overdé
Indeed, the electro-thermal control problem of the moduldLC-based modular battery. The electro-thermal stateespa
battery can be formulated and solved off-line as a constthinmodel and the original problem formulation are presented in
convex optimization problem [17]-[19]. The optimizer die$s Sections IV and V respectively. The problem reformulatien a
the power flow out of (or into) each cell at each time instaitQ MPC scheme is presented in section VI. The controller
to meet the total driving (or regenerating) power demaridterpretation and sensitivity analysis are presentedeic s
such that all cells remains balanced in terms of SOC atidn VII. The simulation setup is presented in section Viba
temperature gauges. The solution is globally optimal if futhe control simulation results and performance are distliss
future driving information (i.e. load demand) is accessibl at length in section IX. Finally, section X concludes the gap
However, in most practical applications, full drive cycle
is hardly known a priori. Since it may still be possible to Il. NoTATION
achieve load predictions over short horizon, this studyleggp ~ Throughout this paper, we usg(R ), R™ (R’ ), andR"™*™
the model predictive control (MPC) framework [23] to solvdo denote set of (non-negative) real numbers, set of reabrec
battery load management problem. Timain purposeis to With n (non-negative) elements, and set of real matrices with
devise a predictive control scheme that achieves the hiagncorder n x m respectively. Unless otherwise noted, we use
objectives by using load forecast over a very short horizogglligraphic letters to denote subsets of real vector space
In addition, we also aim to achieve balancing objectivéde usel, to denote the identity matrix of order x n, 1,
without imposing any hard constraints on cell temperaturé® denote columm-vector of onesf),, to denote columm-
and SOCs to secure feasibility. The main idea in this rega¥gctor of zeros. We usg- || and|- | to denote Euclidean norm
is to reformulate the original control problem as a controRnd absolute value of variables respectively whergal,
constrained linear quadratic (LQ) problem and then solveist used to denote™Qz. For sake of saving space, we also
in an MPC framework with a short prediction horizon. Th@ccasionally use MATLAB's notatiortdi ag’ and ‘bl kdi ag’
control problem is not readily on standard LQ form. Thereforto denote diagonal and block-diagonal matrices respdgtive
the problem transformation to standard form is carried oand vertcat’ to denote vertical concatenation.
carefully based on théecomposition of controlleinto two 1. MLC- BASED MODULAR BATTERY: |NTRODUCTION
orthogonal components, one for voltage control and therothe '
for balancing control. The new control scheme uses a simpleThe (cascaded h-bridge) MLC-based modular battery,
voltage controller to strictly satisfy the load voltage derd. Shown in Fig. 1, consists ofr series-connected power
After this, any redundancy available in the modular battery
is then optimally used by the balancing controller (LQ MPC) vl & I; EmsSam— -

to achieve thermal and SOC balancing as an add-on benefit - UidT N|“—'—'—'—'—“I
without disturbing the voltage. The novel way of decompgsin ! |S~ s, [ =,
voltage and balancing control tasks into two separate skbta + | & +
is one of the main contribution of this paper. This control U:Lil Full-Bridge-

decomposition reveals the controller structure as wellfiEes

some nice interpretations, which add some useful insight

into properties of MLC-based thermal and SOC balancers.
: : . PU,

These particular aspects are analyzed and discussed ih deta ‘

(second contribution). The sensitivity and robustnesshef t [

control scheme to parametric uncertainty and cell resistan

variation with temperature is also analyzed (third comititm). Fig. 1. Block diagram of an MLC-based modular battery ingigeen box.
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units (PUs), each containing a full-bridge (FB) and an iso- « The OCV of all cells is assumed constant. This approx-

lated Cell. It supplies voltagev,(t) = > i vri(t) € imation is somewhat justified for some lithium batteries
[0,vr.max] € Ry to a variable load with current demand (like LiFePQy/graphite (LFP)) if we assume battery op-
ir.(t) € [Pz, min, 'L.max)] C R, Wherevy, is the terminal voltage eration in a typical SOC window df0% to 90% [7].

of PU;. Each FB can be operated in all four quadrants of the « The thermal model is based on lumped capacitance and
ir—vr; plane using a switching functios;(t) € {—1,0,1}, flow network modeling approach [11]. It considers only
which generates;(t) € {—Vg;,0,+Vp;} where Vp; is cell surface temperature. The coolant flow is assumed
cell terminal voltage. This enablesontrol of bidirectional laminar with known constant inlet temperature and speed.

power flowfrom each Cell, making it suitable for balancing
purpose. In this paper, we are only interested in contplite A Electrical Model
average behavior of the switched modular battery duringp eac

The electrical model of each Rlk given b
switching periodly,, of s;(t). Therefore, we define duty-cycle 9 y

. 1
ot &i(t) = —o——=—ir(t)ui(t), wvri(t) = dui(t)ui(t), (4)
wi(t) = Tl / si(r)dr @) 3600C,;
SW St —Tsw where¢; is the SOC and’,; is the coulomb capacity of Cell

for each PY. Note thatu;(¢) € [-1, 1], where negative value vr; is the terminal voltage of PUn response to cell current
impliesvy,;(t) < 0 and nonnegative value implies,;(t) > 0. igi, dy; is defined in (3), andz € [iz min;iL,max] € R is

the demanded battery load current. Now, using (4) as a basic
building block, the electrical subsystem of arcell modular

A. Battery Control Modes e )
! . battery is given by the following standard state-space mode
The switch control framework based on the control variable

u; allows two types of battery control modes, namalyipo- £(t) = Ap&(t) + Bein(t)u(?), (5a)

lar and bipolar control modes. The unipolar control mode 4, (t) =37 vz, =Y 1" | dui(t)u; = Dy(t)u(t), (5b)

(u;(t) € [0,1]) does not allow polarity inversion of any cell in T _

the string, which implies that at any time instant, eithécells Where¢(t) = [& --- &,] € R is a state vector of SOCs,

are charging or all are discharging depending on the dectiu(t) = [u1 e un]T € R™ is the control input to generate

of ir(t) (i.e.vri(t)vr;(t) > 0). On the other hand, the bipolarpositive vz;:s, andvr(t) € [0,vL max(t)] € R4 is the total

control mode(u;(t) € [—1,1]) allows polarity inversion (i.e. terminal voltage of the modular battery, where

vri(t)vr;(t) < 0) of some cells in the string, which implies

that, at any time instant, it is possible to charge some cells VL max(t) = Dy(t) - 1n (6)

while discharging others. The detailed comparison betweina maximum voltage capacity of the modular battery and

unipolar and bipolar modes will be carried out in our future "

work. This study is restricted to unipolar mode. D(t) = [d“(t) d”"(tﬂ €RV™. @)
See appendix for definition of matricesz and Bg.

B. Terminal Behavior of PU

The average signal®n two ports of ideal FB(see Fig. 1) B:- Thermal Model
are linearly related through unipolar duty cyele as follows The surface temperature dynamics of each,Gelgiven by

iBi(t) = iL(t)ui(t), ULi(f) = dm‘(t)’ui(t), (2)

wherei; andvy; are the terminal current and voltage of PU
respectively;p; is the current through Celland

r : Rei .
Tai(t) = Z atijTs;(t) + C “i7 ()ui(t) + wiTro,  (8)
]:1 S

wherei? (t)u;(t), Rei, andCy; are the rms current during each
dyi(t) = Voei — ir(t)Re; (3) switching period, the internal resistance, and the hezagp
. ) ) . of Cell; andT¥, is the constant inlet coolant temperature (mea-
is the ON-time terminal voltage of Cellwherewv,; is OCV  gyred disturbance). The coefficients;, given by (A.51a),
and R.; is mtern_al resistance. The ter7rln|nal power of thgescribes unidirectional thermal coupling from upstreasi,C
modular battery is given by’ (t) = >_,_, Pri(t), where 5 gownstream Celldue to convective heat transfer in the
Pri(t) = vri(t)ir(t) is the terminal power of PU See [18] qojant, whereas;, given by (A.51b), describes the influence
and [19] for detailed derivation of these averaged var@ble T;o on Celt. Now, using (8), the thermal subsystemsof

cell modular battery is given by

_ To(t) = ArTs(t) + BriZ (t)u(t) + WrT 9
The state space electro-thermal model of an air-cooled ®) 7Ts(8) + Brip (t)u(t) + WrTjo, ©)
modular battery wittn modules is presented on standard forighere 7, = [Tsl Tsn}T c R” is the thermal state
in this section. The model, see [17]-[19] for its origin, isilb vector, andVy = [wu . wtn]T € R is aTy, influence

based on the following assumptions. vector. For a control constrained LQ problem formulatioe, w

« Load demandiy(t),vra(t)) at current instant is given. rewrite (9) on the following standard state-space form
« The electrical model is based on tkanple cell model

(OCV-R i.e. resistance in series with OCV) [24]. O(t) = Apd(t) + Byif ()u(t), (10)

IV. STATE SPACE ELECTRO-THERMAL MODEL



4 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. XX, ®. XX, MONTH 2016

TABLE |

DEFINITION OF CELL AND COOLANT PARAMETERS Under these imbalances, thffective capacitand SOC of the

battery pack are respectively given by

Cp,a(k)

Parameters | Expression | Units Ca(k) = Cr.a(k) + Cp.o(k), &a(k)= . (14)
OCV of Cell Voo v Cp(k)
Electrical Resistance of Cell Re; Q where CB,d(k?) = &g(k)Cr(k) = mini(ced,i(k’)) and
e pacty of Cel Cei i Cie(k) = (1= &p(k)) C(k) = min;(Cecs(k)) are remain-
Heat Capacity of Cejl Cli = paicpsiVei JK-1 ing dischargeable and chargeable capacities of the batery
Thermal Resistance of Cell Rui Kw—! spectively. The main purpose of SOC balancer is to maximize
Air Volumetric Flow Rate Vi m?s~! Cg(k), which is maximized if SOC of all cells are equalized.
Air Thermal Conductance cr WK1
ﬁmper?tgre CI_Oeffiéiean_S_ . asi = (C%Rm)_l us';ll V. CONVEX PROBLEM FORMULATION USING

rm n Icien i = i ni
Thete Cgﬂgling ot Pty Unitlocs FULL FUTURE LOAD INFORMATION

The control objectives include thermal and SOC balancing
and terminal voltage control of the modular battery. In this

in terms of augmented stat§t) = [T () Tfo}T c rn+1 section, the control problem is formulated for a case whelte f

where T}, is treated as a dummy state. See appendix fgfiving information is accessible. In particular, as aresion

definitions of matricesdy, By, Ay, and By and Table | for of our earlier studies [17]-[19], the problem formulatian i
definitions of various cell and coolant parameters. formalized here for standard LQ control design in section VI

In addition, the design of objective function is properly mo
Remark 1. The cell resistance varies slowly with temperaturgvated and the constraints are formulated as polyhedrato g
in normal operating range[25,40]°C. Therefore, we can optimization problem on standard QP form.
assume cell resistance to be constant, during each small
sampling interval, for control design. The resistance atign A. SOC and Temperature Deviations/Balancing Errors
over large temperature range can be compensated using gaint et us defineSOC and temperature error vectors
scheduling at much slower rate. See section VII-B.

ee(k) = (k) — €(k) - 1 = M£(k), (15)
er, (k) = Ts(k) — Ts(k) - 1,, = M. Ts(k), (16)
C. Complete State-Space Model where{(k) = 11T¢(k) and T, (k) = 1177, (k) are instanta-

The complete continuous-time electro-thermal model of digousmean SOG@ndmean temperaturef the modular battery
n-cell modular battery is given by the following standardetim @nd can be considered as reference signals here. The matrix

time-varying (LTV) state-space system M, = (In _ %Lmz) € RV, (17)
@(t) = Ax(t) + B(ig(t))u(t), (11a) maps each state vector to its corresponding error vector.
y(t) = Ca(t) + D(ir(t))u(?), (11b) B, Design of Objective Function

wherez(t) = [gT(ﬁ) 19T(t)}T € R2"*1 s the state vector, The SOC balancing is primarily needed to keep cells
T T 12 balanced at least at SOC-boundaries (i.e. end-of-cha@€)E
y(t) = [95(t) wr(t)]” € R™*? is the output vector. All : : .
: : . X and end-of-discharge (EOD) states) during charge/digehar
state-space matrices are defined in appendix. ; . . h
cycling of the battery to avoid non-uniform ageing [6]. In
other words, aemporary SOC imbalanaguring cycling may
D. Model Discretization be allowed if cells are balanced at EOC and EOD. However,
in vehicle applications, lower SOC boundary (terminal time
of journey) is normally not fixed due to uncertainty in a
o(k+1) = Agx(k) + Ba(ip(k))u(k), (12a) drive cycle. Therefore, we propose to reduce SOC deviations
y(k) = Cx(k) + D(ir,(k))u(k), (12b) 8 much as possible du_ri_ng cycling_ t(_) get fairly balanced
DODs by the end of a driving trip. Similarly, we propose to
where matricesA; and B, are obtained using Euler approx-minimize temperature deviations all the time during cyglin
imation assuming (k) to be constant during each samplingecause cell ageing is exponential in cell temperature [5].
interval [kh, (k + 1)h) whereh is a sampling step size. These minimizations must be achieved without increasing
average battery temperature relative to that of unbalanced
battery and by using minimum possible actuation of cells.
These objectives are formulated as following cost funaion

The discrete-time state-space model is given by

E. SOC and Capacity Under Parametric Variations

In this study, we assume differences in cell capacitietiaini N—-1 2 2
. " . = N 1
SOC levels, and resistances. These variations may restédtlin T Z’J‘ﬁ)l ”eg(k)HQE + lleeW)ll, (182)
imbalances i.e. imbalance among cell temperatures as wella  Jr = Y., ler. (k)5 + ler.(N)[%,., (18b)
dischargeableand chargeablecapacities of cells given by Jr = ZkN:—Ol TS (k)12 + | T5 (V)] (18¢)

Cegi(k) = &(K)Cei,  Ceci(k) = (1= &(k)) Cei. (13) Ju= Y00 lulk)|%,. (18d)
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whereN is prediction horizonQ g = q.I,, P = pel,, Qr =

for suitably defined constraint matricész,, Hr, and vectors

qeI,, andPr = p.I,, are positive semidefinite penalty matrices..,, h+,. The primary goalof thermal and SOC balancing is
for deviations,q., pe, ¢+, pt, g7, @andp; are nonnegative scalarto first drive initial SOC of all cells toYz, within a certain
penalty weightsand R,, = r,,I,, is a positive definite penalty balancing timet, = hk; and then keep them there, whereas

matrix for control with weightr, > 0. There are multiple
objectives and it is impossible to minimize them individyal

Therefore, a scalar objective function is formulated abfod
J=mJEe +v2Jdr + 37 + vadu, (19)

where~; > 0 aretrade-off weightswhich signify the relative

importance of each objective. These weights are chosen,

temperature of all cells must stay withitir, all the time.

Terminal State ConstraintIf a drive cycle is known a
priori then the balancer may also achievesecondary goal
i.e. perfect SOC equalization by the end of driving trip. SThi
can be specified as the following terminal constraint

§i(Na) = &(Na), Vi, j. (27)

such thath ~v; = 1, to achieve desired trade-off between

temperature and SOC balancing performance.
Objective Function on Standard FornT.he objective func-

tion (19) is in quadratic form in terms of state errors Where%ad voltage demand; 4(k)

D. Output Voltage Tracking Constraint

In addition to balancing, the battery must strictly satidgfg
. Using voltage equation (5b), this

system dynamics is written in terms of states. Thereforg, nogeled as the following voltage tracking constraint

transformations (15) and (16) are applied to get the folmwi

standard quadratic objective function

N-—1
T =Y e®)3, +vallu®)F, | + (N3, (20)
k=0
in terms ofz(k) andu(k), where
Q. = blkdiag (11Q 5, 12Qr +73Q7,0), (21)
P, = blkdiag ('ylpE, Yo Pr + v3Pp, 0) ) (22)
are new penalty weight matrices with
Qe =M QpM., Pp=M]PgM,, (23a)
Qr = M QrM,., Pr =M} PrM,, (23b)
_T = q_glnxn; p7 = p_t;lnxna (ZSC)
n n

where the matrix)/, is defined in (17).

C. State Constraints

v (k) = Dy(k)u(k) = vpa(k)

where D, (k) is defined in equation (7).

E. Control Constraint Set

The unipolar control mode imposes control constraint
u;(k) € [0, 1] for each Cell. Therefore, the control constraint
set ofn-cell modular battery is given by

u(k) e U = {u(k)|Hyu < hy, Yk}, (29)

where H,, = vertcat(l,,—1I,) and h, = vertcat (1,,05,).
Note thatl/ is a convex set (hypercube R}).

F. Constrained Convex Optimization Problem

If future load demandi (k),vLq(k)) over the whole driv-
ing cycle of lengthN; is fully accessible then the electro-
thermal control problem can be formulated as the following

Running State ConstraintsThe balancer must ensure thestate and control constrained convegtimization problem.

following constraints during driving

Emin < E(k) < Emax, VK (242)
leg, (k)| < 8¢, Vi, Yk >k, (24b)
Tsmin < Ts(k) < Tsmax, VE (24c)
ler,, (k)| < 6Ty, Vi, Vk (24d)

for SOC and thermal balancing, where vecté§s,/Ts min
and &max/Ts.max give minimum and maximum limits of
SOC/temperature for each cell, scalatsand 67 are SOC
and thermal deviation allowancefor all cells, andk;, is

minimize J(x(0),u(0 : Ng — 1))
subject to

x(k+1) = Age(k) + Ba(k)u(k),
Dy(k)u(k) = vra(k),

E(k) € Xpg, Yk > ky, Ts(k) € Xpy
§i(Na) = &;(Na), Vi, j

u(k) €U,

(P-1)

with optimization variablesxz(k) and w(k) for all k €

an initial balancing time periodFrom constraints (24a), the{0,--- , Nq—1} where objective function is defined in (20).

initial set of SOCs can be defined as following polyhedron

Xpo = {¢{|HEo€ < heo}, (25)
for suitably defined constraint matrikl gy and vectorh..

Note that the initial balancing time periokl, is not fixed

as it depends on characteristics of battery load profile. To
make the problem independent &f, we can soften state
inequality constraints using a slack variable approach.[23

Similarly, by first applying transformations (15) and (16'he problem (P-I) can be solved offline usi@yX, which is
to (24b) and (24d) respectively and then using (24a)—(24BMATLAB-based package for specifying and solving convex
and (24c)—(24d), thgoalltarget setsof SOCs and tempera- Programs using disciplined convex programming ruleseH28

tures can be easily defined as following polyhedra

XEg = {§|HE'g§ S heg}; XTg = {TS|HTgTs S htg}v (26)

[30]. The solution is globally optimal as it is based on full
future driving information. A variant of this problem, adtbhgh
not on standard form, is solved in our earlier studies [1T9H
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VI. SHORT LOAD PREDICTIONS: LQ MPC SCHEME WITH  whereN (D, (k)) is the time-varying nullspace adb, (k) and
ORTHOGONAL CONTROL DECOMPOSITION N (D, (k))* is the orthogonal complement 8f (D, (k)). The

If full future driving information is not accessible then-(p Nullspace is a hyperplane " given by
cannot be solved. Therefore, we propose an alternativeaiont
algorithm based on LQ MPC scheme to solve the original
problem using limited future driving information (i.&V <«
Ng). The scheme is developed with the following aims.

« The load voltage regulation is prioritized and thermal and Va(k) = [ona(k) -+ van-1(k)] € Rxn—t

SOC balancing are achieved as secondary objectives.

« To secure feasibility, we aim to achieve balancing objewhich contains parameterized orthonormal basis vectors

tives without imposing any hard state constraints. vn,i(k) € R™ of null-space. The basig, (k) of nullspace is

« The voltage constraint in the original problem poses amt unique. A particular choice, obtained using MATLAB

issue for transforming the overall problem to standar@ymbolic Toolbox, is given by
LQ form. This issue is addressed in a special way by ,
separating voltage control task as described below. Va(k) = {Vn(k)} (32)
n I )
Keeping in view all the above aims, we propose to decompose net
the control problem into two cascaded subproblems:

1) Voltage Controller]u,, (k)]: It is a feedforward controller,
which uses information only about load demang;(k)
andiz (k) given at each time instant, to generajgk) =
vrq(k). The control signali, (k) is computed analytically N
(minimum norm solution see section VI-B.

2) Balancing Controller[u;(k)]: It is a feedback controller yhereq, (k) is a scalar design parameter. Now we are ready
cascaded with outer voltage controller. It uses infornratig designu, (k) and u,(k) constrained inside time-varying

about battery state:(k), ir(k), andu,(k), to achieve orthogonal subspaca(D, (k)T) and N (D, (k)) respectively.
thermal and SOC balancing. We propose to choose the

optimal control decision, (k) such that it is alway®r-

thogonalto «, (k). This guarantees the voltage constrair@. Voltage Controller
satisfaction while giving the possibility of simultaneous . TN i
balancing. The balancing contral,(k) is computed in According o (33).u, (k) € R(Dy(k)") is given by
receding horizon fashion based @ontrol-constrained o (k)
LQ problem (LQ MPC problem), see section VI-C. Y

This novel approach of separating balancing controllemfroTo generate voltag®.,, (k)u, (k) = vrq(k), we simply choose
voltage controller offers multiple advantages. Firstly,fa-

cilitates the formulation of the electro-thermal controblp- (k) = vra(k) . (35)
lem on standard LQ MPC form. Secondly, it allows pre- Do (k) [[?

computation of voltage control decisions for a pre-sekbct
grid of demanded load currents and voltages. Thirdly, iegiv
us more insight into structural and functional propertiés o uy(k) = Dh(k)vra(k) (36)
the controller. All the important ingredients of the propds Y ’
control scheme are presented below in detail.

N(Dy) = {u(k)| Dy (k)u(k) = 0} = R(Vh) S R",  (31)

whereR(V,) is the range-space of null-space basis matrix

where V/(k) = — Z,jﬁ’;iﬁ ZUT((Z)) e R>*(=1D s a

row vector with elementsl,;(k) = voei — ir(k)Rei. The
orthogonal complement of nullspace is given by

(Dy)* =R(DY) = {u(k)|u(k) = au (k) Dy (k)"}, (33)

— a,(k)D, (k)" (34)

With this particular choice ofv, (k), (34) can be rewritten as

where D} (k) = Dy (k)" (Do(k)Du(k)") ™" = 2 s

a right pseduo-inverse ab, (k). Now it is clear that (36)

gives a minimum norm solution. Note thaX! (k) will always
Let us consider the voltage constraifiD,(k)u(k) = be a positive column vector for a given positive row vector

vrq(k)) in the optimization problem (P-I). This single outputD, (k). This is indeed a case in our model provided that

equality constraint can be satisfied usingontrol variables. i, (k) stays within absolute maximum current rating of a

Hence, there are multiple solutions and the nullspac®pf cell. Therefore, the analytical solution (36) will alwayessult

providesn—1 degrees-of-freedom in generating. This extra in w,(k) > 0, for vpg > 0 andip(t) € [iL min, L max]-

freedom can be used for the balancing objectives. Moreover,u, (k) < 1,, is guaranteed if the demanded voltage
The main idea is to decompose the control signal insatisfies the constraint,q(k) € [0, VL4 max] With

two orthogonal components, one for voltage control androthe

for balancing control. Using decomposition theorem ofdine VLdmax < VL max(k), Vk (37)

algebra [31, Theorem 3.14], we propose the following unique . i . )

decomposition ototal control vectoru € ¢ C R™ Whe_revLmax(k:), defined in (6), is the maximum v_oltage ca-

pacity of the modular battery. Therefore, the solutiorik) €

u(k) = uy (k) + up(k), (30) R(D,(k)T) given by (36) is guaranteed to be insideas well
uy(k) € N(Dy(k)):,  up(k) € N(Dy(k)), at any time instant under the stated conditions.

A. Orthogonal Control Decompaosition
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C. Balancing Controller: LQ MPC Problem U Controller Structure . TM@maTéaﬁer‘l'Tﬂ _______ .
. . YL4I Vol ; v
After computing the voltage contral,, the balancing con- 7, contralier —> (@)« MtCliz ] l(if tti?’ L»!
trol u;, € N'(D,) can be chosen using MPC scheme to achieve [Ea. (36) . ! y !
thermal and SOC balancing objectives. Before presentiisg th ittt I"' oo
scheme, let us first represent the balancing control aswello wy Ly Balancing | ,, - [Tl]
Controller State
[MPC: (P-IV)] Estlmatlon<_|
Z i (k)va.i (k) = Va(k)py(k) € U (38) 1 i, = Load Current Demand

Fig. 2. Block diagram of closed-loop control system of ML&skd modular
battery powering a variable load. This study assumes thiataie is available.

where V;, (k) is given by (32) ando,(k) € R*~! are coeffi-
cients of null-space basis vectors, and

D. Summary of Electro-thermal Control Scheme

Uy (k) = {up(k) = Va(k)po () | (o (k) + u(k)) € U}, (39) The proposed control scheme for a given dem@ndvy,q)
is a time-varying set of feasible, (k) whose boundaries vary and §tater(k) consists of foIIowmg steps at e"flCh Instant
with load demand(iz,v.4) as well as cell resistances andl- Find the voltage contral, (k) using (36) for given demand.
OCVs. Note that using, as a control variable reduces optimaf- Solve the constrained LQ problem (P-1V) over a short
decision search fronR”™ to R"~!. It is equal to lastn — 1 prediction horizonN < Ny to find the optimal control
elements ofu, for the particular choice of, given by (32). up(k) = Va(k)ps (k) for thermal and SOC balancing.

Constrained LQ MPC Standard ForniThe controlp,(k) S Compute complete controller usingk) = w, (k) +us (k).
is computed by solving a constrained LQ problem in & APPlY the control input(k) to the system.
receding horizon fashion. Before presenting the problem, p- Letk:=k+1 and repeat steps 1-4.
us substitute:(k) with u, (k) = Vi, (k)ps(k) in (12a) and (20),
to get the system dynamics and the objective function on theVIl. CONTROLLER ANALYSIS AND INTERPRETATIONS

following standard forms in terms of(k) and ps (k) A. Controller Structure and Interpretation
5 A block diagram of the battery electro-thermal control
k+1)=Agx(k) + By(k k 40
ok +1) az(k) + Ba(k)po (), (40) system, using voltage controller (36) and balancing con-
J = ek NG, + Hpb(k)H%zpb +lz(N)[I3,.  (41)  troller (P-1V), is shown in Fig. 2. The total contralk) and the

voltage controlu, are both positively constrained. However,
whereR,, (k) = 74V, (i1, (k)) Ry, Va(iz (k)) is a ime-varying the balancing contral;, may attain both positive and negative
penalty weight forp, (k) and By(k) = By(k)Va (k). Now us- values. It can be interpreted asantrol correction termwith
ing (40) and (41), thdalancing control problencan be easily @ possibility of both positive and negative correctionseTh
formulated on the following standarbntrol-constrained LQ Voltage controller first decides the duty of each cell to éyac
form, which is solved to find the balancing contraj(k) at satisfy the voltage demand without caring about balancing.

each time stef: € {0,--- , N; — 1} in the MPC framework. The balancing controller then corrects (either increase or
decrease) the duty of each cell in accordance with its badgnc
minimize J(z(k), pp(k : k+ N — 1)) errorseg, ander,, without disturbing the voltage. Note that
subject to the balancing control constraint $éi(%), defined in (39), may

be asymmetric about origin depending on the value:.of

ok +1+1) = Agz(k +1) + Ba(k + Dpp(k +1), (P-IV) g balancing control law in general is a piecewise-affine

up(k +1) = Va(ir,(k + 1) po(k +1) € Up(k + 1), feedback inz. However, when constraints are inactive, it has
vl ={0,---,N —1}, a simple linear time-varying feedback structure given by
up (k) = K, (in (k)€ (k) + K, i (k)9(R),  (42)

with optimization variables(k+1) andp,(k+1) wherel is the
time index for the prediction phase of MP@; is the driving \where K¢ is a SOC control gain matrix and(ﬂ —

hOI’iZOﬂ N < Nd is the prediction horizon anub, defined [Kt Kf] is a thermal control ga|n maitrix Wheth

in (39), is a time-varying balancing control constraint Sét¢  is a gain matrix for temperature control aidd/, is a gain
voltage controk, (k+1!) needed for solving the problem (P-1V)yector for compensation of inlet fluid temperature. The gain

is computed using analytical solution (36). Note that + 1) matricesKS, and K, have a special structure, which we will
is the prediction of future load current demand. In this ?IUdmvesUgate in a separate study.

the full state and the load current are assumed to be parfectl
available at current time step. Therefore, the information
needed to solve the problem is completely accessihlesibp
ahead predictioiV = 1) is used. ForV > 1 case, this study = The optimal control design presented in sections V and VI
assumes that the load predictionsover a short horizon are considers the affect of electrical actuation on tempeeatir
perfectly known. cells. However, the effect of temperature on the electrical

B. Sensitivity Analysis
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100 C. Power Flow under Balancing Controller

80t ° Ej;: . The net power flow (so-called balancing power) through

70r modular battery under;, is zero at each time instant as shown
G oo below (using the fact that the battery terminal voltage unde
— 501

balancing control is zero i.ey, = D, - up = 0, see (31)).

PLb(k) = iL(k)ULb(k) = zL(k)Dv(k:)ub(k) =0. (45)

Since each h-bridge is assumed as a lossless switch network,

% 10 o Lo [0210 30 40 50 the total balancing power of all cells is also zero i.e.
Fig. 3. Il resi iati function of
ig. 3. Cell resistance variation as a function of tempeeatu Pry(k) = Pgy(k) = ZPBb,i(k/’) =0 (46)
=1

parameters of cells is neglected i.e. parameters are etnstehere Pg;, (k) = Pry.(k) = dvi(k)ims,i(k) is the balancing
The impact of this approximation is analyzed below. power of each cell. Now usingg;, (k) = ir(k)upi(k) and

An experimentally validated model for LFP cell is availableubstitutingd,,; (k) with (3), we get
in the literature, see [25]-[27]. According to these stadibe
cell capacity and OCV have typically no short-term temper- Pry(k) = Ppyg(k) — Ppye(k) =0 (47)
ature dependence. However, the cell resistance (constyjuefinere Povg(k) = (k) S0, vociuni(k) is the total in-
the terminal voltage) varies as a function of temperature ggng baléncing power genZeTrated by total OCV source and
shpwn in Fig. 3. We_ ide_ntified this curve throggh piecewi_spBb’Z(k) = i2 (k) 32", Rejup; (k) is the total internal battery
affine (PWA) approximation between consecutive data poini§|ancing power loss. The equation (47) shows that the total
obtained from the experimentally validated model. The ﬁ’g“'balancing power is zero, bilt, , (k) and Ppy, ¢(k) cannot be
shows that the resistance varies slightly with temperaiture ;¢ individually for nonzeras,. Note that, depending on the
normal operating rangg25, 40]°C. Therefore, the controller gign of,,; the balancing controller carirtually generate both

can be designed assuming cell resistance to be constantfg&itive (generate heat) and negative losses (consumgiheat
small temperature variation. The balancing controllersusggqp Cell to achieve balancing.

state feedback and its objective is not to achieve zero wtead

state errors. Therefore, it is inherently robust to smadise

tance variation as shown through simulations in sectiodlX- D- Alternative Interpretation: Battery Emulation

The variation in resistances over large temperature raage ¢ An alternative interpretation of the balancing controier

be compensated using gain-scheduling at much slower ratghat it forms atime-varying virtual cell(balancing cell) in
However, the voltage controller uses only feedforwardinfoseries withactual cell (voltage generating cell). The time-

mation to achieve voltage tracking. Therefore, the seii$iti varying electrical parameters (virtual OCV, virtual caipgc

of terminal voltagev, to small resistance variation around itsand virtual resistance) of each virtual cell are given by
nominal value is analyzed as follows. Let us first rewrite o
et

v = Dyu = v;iu _ iLRZu7 (43) Vocb,i = Vocilbi, Ceb,i = U 5 Reb,i = Reiup;.

wherev,. = [voei] € R™ and R, = [Re;] € R™ are cell OCV This can be easily verified by plugging in = u, +
and resistance vectors. Defining.z = RTu € R, as total into the electro-thermal dynamics (4) and (8) of a cell. 8inc
instantaneous resistance of modular battery, it follows Voci;s Cei, @and Re; are always positive and,; can attain both
positive and negative values, the virtual cell parameters c
also attain both positive and negative values. In other gjord
For a meaningful relation, let us defigd?.p = prR’; and the balancing controller forms a virtupbsitive/negative cell
dvr = pyv, where Rz andv; = vrq are nominal battery which tries to compensate the actual cell by canceling cait th
resistance and voltage, apg andp, are relative/percentageimbalance in capacity, resistance and voltage of the acaikl
variations in battery resistance and voltage. Now we catewriThe electrical parameters ofampensated celire given by

VL :vgcufiLReB = 8UL = *’L'L(?RQB.

__(uRp _ (V& c c Cei
O G e I Vot = et Lt ) G =
whereVy, = ir R} is the nominal battery voltage loss. Now RS = Rei (Uoi + upi) -

using(1—ng) =~ V,/vra as a sensitivity function, it follows
po~—(1—18)pr, (44) VIIl. SIMULATION SETUP

wheren;; is the battery efficiency. Sincgs > 0.9 normally, A. Some New Variables for Illustration Purpose

we havep, ~ —0.1pr. This simple analysis predicts very To illustrate the balancing performance in next section, we
small error inv;, for small variation inR.z, which is also use|le¢ (k)| and|ler, (k)| (ec ander, are defined in (15)
verified through simulations in Section IX-D. and (16)), which give the maximum SOC and temperature
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TABLE Il

deviatio.ns. (balancing errors) in the battery_at any time in- CELL PARAMETERS AND CONTROLLER SETTING
stant. Similarly, to analyze the control behavior, we idtroe
average and rms cell currents over whole drive cycle given b ,
9 yele g Y parameter | Symbol | Value | Unit
IBai = falin,ui) = IBva,i + IBba,i, (49a) Cell Parameters
12 . = flirw)=1% . +1% . 49b No. of Cells n 4 -
Bri fT( L 1) Bur,i Bbr,i» ( ) Nominal OCV v;Ci 3.3 %
h £ ti Nominal Resistance R;, 11.4 ms)
where functions Nominal Capacity cs, 2.3 Ah
) | N, ' Thermal Resistance Rui 3.03, Vi | KW~!
faliv,wi) = 77 20621 hin(k)ui(k), (50a) Heat Capacity Cui 7150, Vi | JK !
, 1 Ny 9 Air Flow Rate Vy 0.0095 m3s~1
fr(in,ui) = 57 202y b i (R)ua (k). (50b) Air Thermal Conduct. cy 11.1105 | WK1
Load Voltage Demand VLd 9.25 \%
Here Ipya,i = falir,uy) and I, . = fr(ir,u,;) are aver- Inlet Fluid Temperature Tro 25 °C
) ’ . *
age and rms currents under; whereasl gy, = fa(iL, tp;) OCV Vector Voc Vgeiln v
andI%,,; = f-(ir,us;) arevirtual average and rms currents Controller Setting
underuy; (note that/ gy, ; is not a truly rms quantity as it can SOC Deviation Allowance | &¢ 2.5% -
attain negative value for,; < 0). These variables are used to ;‘Z{:ﬁ‘;—lir'])ge‘l’:ﬁfe'?\;‘af"o""ance ‘;LTS } SC
study the fgnctional properties of the complete controlier Prediction Horizon N 110 60 s
as well as its each component,(anduy).
R%ted, Actual, and Dischargeable Capaciti s Resistance
B. Cell Data and String Configuration z =
=2 =14
The modular battery considered for this simulation studyg §u
. ] =15
consists of modules, each containing one cdlliV, 2.3 Ah, g §“; Res| | Res| e
A123 ANR26650M1A). The nominal values of cell's electro- § * § .
thermal parameters, shown in Table Il, have been takegos =
from [27]. The true cells are assumed to have capacity o’
resistance, and initial SOC variatiofise. C.; # C.;, Re; # "Cell Number, Cel’ "Cell Number, Cell’
Re;, and &;(0) # &;(0),Vi,7) to thoroughly evaluate the (a) Capacity distribution. (b) Resistance distribution.

controller performance. All other electro-thermal partane
are assumed equal. It is also realistic to assume that &l cg'ar:{
have same initial temperature. There are various possgittial i
conditions of the battery depending on capacity, resistaaucd
initial SOC combination for each cell. For instance, for an% ) )
two cells (Cel] and Cell) in the modular battery, there are®- Drive Cycle Data and Battery Load Profile
four possible cases:

. Case-l:Ced,i(O) < Ced,j (0) and R.; < Rej,
o Case-2:Cq,i(0) > Ceq j(0) and Re; < R,
o Case-3:C.q,(0) < Ceq,;(0) and Re; > R.j,
o Case-4:Ce,i(0) > Ceq,;(0) and Re; > Re;. « SCM17kmA6[32]: It is a representative of low speed
Note that, during discharging, case-1 and case-4 are more urban stop-n-go real world driving behavior (benign to
challenging because a cell with higher resistance is also th ~ mild) on a17 km route in west Sweden.
one with higher initial dischargeable capacity. This irepli « Standard ARTEMIS Ruralt is a representative of high
conflicting cell usage requirements for thermal and SOC speed rural driving behavior (normal to intensive).
balancing. Therefore, it is interesting to consider a pataim  + USOG It is a representative of very high speed highway
variation profile of the modular battery, as shown in Fig. 4, driving behavior (aggressive).
where at least one cell pair in the _strlng Sat'Sf'eS.e'the?ﬂas.The real battery current measurement dataS@M17kmA6
or case-4. The true values of resistance, capacity, andlinit . .
SOC of cells are given below. were obtained fromSwedish Car Movement databafi8],
whereas the battery current data for ARTEMIS Rural and

g. 4. Capacity and resistance distribution of cells. Ig.F(a), the level
side each container shows initial dischargeable capaditell.

The balancing performance has been thoroughly evaluated
under various driving behaviors/situations. Here, we show
results particularly for three drive cycles namely

R, = [11_7 13.3 16.1 16.8}T mQ, US06 were obtaine_d by simulation of Toyota Prius PHEV in
T full EV mode in Advisor[34]. The scaled battery load current
Ce = [2-29 2.26 2.11 1-98} Ah, data and its histogram for each drive cycle are shown in Fig. 5
£(0)=[0.75 0.78 0.88 O.QO}T. The demanded battery load voltagg:(k), in this study, is

assumed as a constant dc-link voltage of a three-phase two-
The discrete time system matrices for this setup are oldainevel inverter of Toyota Prius PHEV. It is chosen®85 volts
using Euler approximation with sampling interval = 1 to satisfy condition (37) for all three drive cycles for thase
second. of four cell battery considered here.
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(a) SCM17kmA6Measured battery current. (b) ARTEMIS Rural:Simulated battery current. (c) US06: Simulated battery current.
Fig. 5. Battery demanded load current (upper subplots)hiaet drive cycles and their histograms (lower subplots).
D. Controller Setting and Tuning speed driving during this cycle. For intensive loads (veghh

The balancing control objective is to bring maximum soc-rates), the controller prioritizes thermal balancing twid
deviation within2.5% and keep temperature deviation withirfast increase in temperature of high resistance cells.efors,

1°C all the time for all drive cycles. The main control paramthe controller particularly struggles with SOC balancingidg
eters (penalty weights) have been tuned first using Brysof&ch highc-rate acceleration pulse and also during constant
rule [35, pg.537] and then trade-off weights:s have been high speed driving phases. However, the overall performanc
tweaked using iterative trial and error method to achieV® Still satisfactory as the maximum SOC balancing error has
the control objective with short prediction horizaW. For reduced frominitial level of.8% to the level 0f2.5% at final

all tested drive cyclesN = 1 gives satisfactory control tir.ne. and the maximum temperature deviation has remained
performance. The longer horizof = 5—60) improves SOC Within 1°C over whole driving cycle.

balancing performance especially during aggressive rdyivi

B. Controller Behavior and Analysis

E. Solution Method . .
) ] . . . To understand how the controller achieves the balancing,
The simulation study is based on the analytical solutio) (3¢ various functional aspects of balancing controller are

of voltage control problem and the numerical solution fiscussed in detail in the following subsections.
balancing control problem (P-1V). To solve problem (P-IV),

we used SeDuMi solver iGVX [28]. 1) Balancing Controller: Virtual Charge and Heat Shuffler:

IX. SIMULATION RESULTS AND DISCUSSION Fig. 7 shows bar plots of average and rms currents, defined
' in (49a) and (49b), of each cell computed separately under
A. One-step MPC Performance (No Model Mismatch)  voltage control, balancing control, and total controlepries
The balancing performance of the aged modular battepyer whole drive cycle (note that the currents undeg
using ideall-step MPC (no parametric uncertainty) has begnay exist in reality if balancing function is tuned off, but
thoroughly investigated. The simulation results are shawn currents undery,; are only virtual). The figure is & x 3
Fig. 6 for all three drive cycles. These plots are arrangeaatrix of subfigures where the first row corresponds to averag
in a4 x 3 matrix of subfigures where each column corresurrent and the second row corresponds to rms currents.
sponds to one of three drive cycles (SCM17kmA6, ARTEMIShree columns corresponds to currents undgruy,, and u
Rural, and US06) and each row corresponds to one fespectively. The results are presented here for ARTEMI$ on
four battery performance variablesy, (k),£(k), Ts(k), and as one case-study is sufficient for current purpose.
{llec(k)||so, ller. (k)| }- These plots clearly show that with The voltage controller decides almost equal average curren
passage of time, SOC deviation among cells is significan{igr power) for each cell as shown in Fig. 7(a). This is
reduced relative to the initial level of deviations. Simija of course not optimal as cells have different dischargeable
temperature deviation stays within specified limits, despicapacities as shown in Fig. 4(a). Therefore, the balancing
significant deviation among cell resistances, during whot®ntroller performs corrective action in average curresgs
driving. Moreover, the cell balancing performance is aekie shown in Fig. 7(b). In a nutshell, the controller achieve<CSO
while simultaneously satisfying voltage constraint asnghen  balancing by (virtually) taking out electric charge fromlise
the first row. The controller particularly exhibits good timal with higher dischargeable capacities (Gelind Cell) and
and SOC balancing performance for both SCM17kmA®6 artglivering it to cells with lower dischargeable capaciti€ell;
ARTEMIS driving cycles as shown in first two columns.  and Cel}). Note that aftershuffling of chargesthe average
The performance under US06 is not as good as for oth@nrrent distribution now resembles the dischargeableaigpa
driving cycles. The SOC deviation, as shown in Fig. 6(l), idistribution (compare Fig. 7(c) with 4(a)).
nondecreasing during various intervals. It is primarilyedo Similarly, the voltage controller decides almost equaklev
short duration, frequent aggressive (resulting in highte) ac- of rms current for all cells as shown in Fig. 7(d). This is
celeration and braking, and long phases of nearly consight hagain not optimal as cells have different resistances asrsho
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Fig. 6. Simulation results for 1-step MPC performance uritleze drive cycles is showlBCM17kmAG6: first column; ARTEMIS Rural : second column;
and US06 third column. These figures show that the driving behaviayrhave significant impact on the cell balancing performance

in Fig. 4(b). The balancing controller in this case perfornis slightly shuffles cell charges and power losses to achieve
corrective action in rms current as shown in Fig. 7(e). In thermal and SOC balancing objectives simultaneously. It is
nutshell, the controller achieves thermal balancing bytvi also noteworthy that balancing is achieved with vemall
ally) taking out heat from cells with higher resistancesl{Ce correctionsindeed (< +10% of maximum average and rms
and Cell) and delivering it to cells with lower resistancesurrents, see figures 7(b) and 7(eWhere the corrections in
(Cell; and Celb). Note that aftershuffling of lossesthe rms rms currents are opposite to those in average currents.
current distribution resembles the mirror image of resista
distribution (compare Fig. 7(f) with 4(b)). 2) Balancing Controller: Virtual Power RedistributorTo
understand the controller’s instantaneous behavior, weyst

In the light of above discussion, it is now quite obvious thahe histograms of the instantaneous terminal powers of each

the balancing controller emulates a charge and heat shufflecell as shown in Fig. 8. The load can be classified into various
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balancing controller slightly shuffles< +10%) cell charges and heat to achieve thermal and SOC balanaimgtaneously.
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Note that the balancing controller acts\agual power redistributorto reshape the

types depending on its frequency of occurrence and power
level. Therefore, we can roughly say that egawer binin
these histograms corresponds to a certain type of load. The
key to achieve simultaneous thermal and SOC balancing is to
optimally decide the duty of each cell in each power bin. The
voltage controller unjustly decides almost identical podis-
tribution among cells in each power bin as shown in Fig. 8(a).
The balancing controller acts asvatual power redistributor

to reshape the histogram of each cell as shown in Fig. 8(b).
It performs corrective actions by slightly redistributirige

load on each cell according to its resistance and dischhlgea
capacity. For example, the balancing controller take®¥alhg
corrective actions for various types of loads: .

« It shifts infrequent high-power driving load$4, 72, and
90 watt power bins) to cells 1 and 2, which have lower
resistances. This type of short duration high power loads
result in higher rms but small average currents. Therefore,
this control action saves cells 3 and 4, which have high&his

histogram of each cell in each power bin.

It shifts morefrequent intermediate-power driving load
(18 and 36 watt bins) to cells 3 and 4, which have
higher dischargeable capacities. This type of relatively
long duration intermediate loads result in higher average
current without significant increase in heating value of
current. This particular control action saves cells 1 and 2
from faster discharging and SOC deviation while keeping
temperature deviation of cells 3 and 4 within limits.

It shifts highly frequent low-power mixed loapower
range around zero watt) to cells 1 and 2 because this
type of load contains a lot of regenerative energy, which
helps cells 1 and 2 to correct their charge levels.

It distributes theinfrequent mild-power regenerations
among all cells as per their dischargeable capacities.

It uses cells 1 and 2 during highigfrequent high-power
regenerationsThis action saves cells 3 and 4 from extra
heating and also helps in balancing SOC among cells.

set of control actions in different power bins resufts i

resistances, from faster heating and temperature dewiat@ifferent load sharing patterns for different classes afdlo
while securing cells 1 and 2 from faster discharge. © These nonuniform load sharing patterns enable the simulta-
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neous thermal and SOC balancing. We can roughly say that 01

cells 1 and 2 are used more during high-power loads and g 008t 60-step
regeneration phases, whereas cells 3 and 4 are used more in %Zi =

low to medium driving power ranges. = ol

Remark 2. In the light of the above discussion, it is easy % o e,
to conclude that the load variations play a big role in L — ‘ :
achieving simultaneous thermal and SOC balancing under gosl NSRRI NI,
unipolar battery control mode. The difference in averagd an =% ‘ gy
rms current distributions (compare figures 7(c) and 7(f)) is s T (losf:,p ]
only possible due to variations in the load profile. The load o
variations (i.e. blend of low and higf#rrates) allow somewhat Time [s]

independent adjustment of average and rms currents, WBIC Longer Prediction Horizon: Balancing performanaamparison
a key for simultaneous thermal and SOC balancing. If the Ioa,ggtween(go step MPC and.-step MPC forUS06 drive cycle.
current is continuously high (only one load type or power)bin

then the simultaneous balancing is not possible because the

controller can only perform one type of corrective actions i B
such a power bin i.e. it prioritizes thermal balancing witho
caring much about SOC balancing.

oL, vLa[V]

o N N o ®

C. Control Performance: Long Versus Short Horizons 0 200 “ fime 19 80 1000

Now we compare the performance 6f-step andl-step oaf
MPCs particularly for US06 as it is relatively hard to handle s o
using 1-step MPC. The results are shown in Fig. 9. £

The SOC balancing speed has increased as shown in upper ]
subplot of Fig. 9. Due to faster response, there is néw 0 200 w0 oo 0 1000
final SOC imbalancel(5% less compared to that with-step Time fel
MPC). This improvement appears because the controller can
now do better planning due to large accessible information
about future energy flows into/out of battery pack. Depegdin 000
on the direction of energy flows, cells can be both charged el
(increase SOC) and discharged (decrease SOC). If we know £
at current time that there will be a certain level of regetiega o — — —= e
energy in near future then we can afford to discharge a Time [s]
certain cell more momentarily and charge it again during 1 ‘ ‘
regeneration. Therefore, instead of instantaneous sigirted 20 Nominal
actions, it may be beneficial to look ahead in future for
upcoming regeneration phases to provide relatively betér
duty schedule for SOC balancing. This long-term planning is % 20 a0 Timee[gi) w0 100
particularly useful for aggressive driving cycles like W8S0

The thermal balancing undéf-step MPC, shown in lower
subplot of Fig. 9, has improved only slightly in termsrmoean Fig. 10.  Robust control performance under parametric taicty and
temperature deviatio NLd 2221 ||€TS (k)Hoo over full drive resistance variation with temperature.
cycle (.71°C versus0.77°C under1-step MPC). The first
reason is that temperature rises quickly only during iritens
load demand (aggressive acceleration/braking). Duriegeh

(a) Voltage response and error.

Nominal

llez, ()|

(b) Evolution of balancing errors.

D. Control Robustness under Model Mismatch

short high power pulses, the controller must take correctiv. Now let us consider an uncertain battery model to investi-

action instantaneously to keep temperature deviation Ismalate the control robustness. For this purpose, a norhisép

The second reason is that the energy recuperation is MIPC (designed assuming nominal cell model with constant
beneficial for thermal balancing because cells always disarameters, but perfectly known battery state) is simdlate
sipate (never consume) heat regardless of current directiwith the true battery that has parametric imbalance among

Therefore, the long-term planning is not that crucial disec its cells (up t046% in cell resistance antl5% in capacity) as

for thermal balancing. However, note that the faster decafiown in Fig. 4. In addition, each cell resistance also garie
of initial SOC imbalance unde60-step MPC may enable with temperature as shown in Fig. 3. The simulation results

the controller to prioritize thermal balancing sooner thlaat for ARTEMIS drive cycle are shown in Fig. 10. The terminal
under 1-step MPC. Therefore, the longer prediction horizowoltage error as shown in Fig. 10(a) is very smatl 3.2%) as
may also indirectly benefit thermal balancing, see secoifd haredicted by sensitivity relation (44). This error can beHar

of the driving in Fig. 9. reduced using gain-scheduling, which would then require es
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timation of cell resistance. The balancing performanceywsh assess the overall benefit of the modular battery. Nevextbgel

in Fig. 10(b), has no noticeable difference from the ideakcathe proposed control scheme has given us deeper insight

shown in Fig. 6(k) (plotted here again in red) despite thgdarinto structural and functional properties of the simuliaue

parametric uncertainty. This suggests that the contrafier thermal and SOC balancer, which can be useful for its simple

robust to parametric uncertainty and small resistancetian rule-based implementation in our future work.

in normal operating temperature ran{@,40]°C, which is

normally maintained by active cooling of batteries in XEVs. APPENDIX

To exactly characterize the robustness property, in terfns o

range of parametric uncertainty and resistance variatiith w

temperature, requires further investigation, which isdvel Ag 0 . Bgiy,
A= 4] o= |5

The matrices for model (11a)-(11b) are given by

the scope of this study. 0 Ay Byi%
Ag = 0pxn, B = 7diag(b61,~~~ ,ben) GRnxn,
X. SUMMARY AND CONCLUSIONS Ar Wy Br
. . . o Ae=gr g [ Bo=rs
The main purpose of this paper was to devise a predictive n n
control scheme for terminal voltage control and simultarseo A7 = [ati;] € R™*", By = diag (b1, -+, ben) € R™",
thermal and SOC balancing of batteries using minimum futureWT _ [wu o wm]T € R",

load information. This problem boils down to load manage-
ment i.e. deciding the power flow into/out of each cell aceord C = oT oF ] , D(ir(t)) = {D (t)} ,
ing to its state. For this, we have proposed an LQ MPC scheme n v

for the MLC-based modular battery with parametric imbatancDs (1) = [d1(t) -+ dun(t)] € RP*™,

among its cells. The c_o_ntrol scheme ha§ been developed USHere A is a constant lower triangular thermal subsystem
orthogonal decomposition of controller into two composent v and the coefficienta,;; and w;; are thermal circuit

one for voltage control apd the qth_e r for balancing contr 'arameters given by (see [17] for derivation of these e
The voltage controller strictly satisfies the voltage dethan

but distributes the power almost equally among all modules. chi;(bll) Br

The balancing controller achieves balancing by correcting -1 | %sis Vi > g,

the power distribution without disturbing the voltage. The ati; = k=j Ok (A.51a)
balancing performance has been thoroughly evaluated for — Qsi; Vi=j>1,

various prediction horizons. In particular, thestep MPC has 0, Vi < g,

been carefully tested to assess the balancing potentialdst i

realistic cases where no future load information is acbéssi Wy = — Zatij Vi > 1, (A.51b)
The results have been presented for three drive cycles (real j=1

world SCM17kmA6, ARTEMIS Rural, and US06) to analyzg,, «oolant flow from Cell towards Cell, whereay, 5;, as;,

the balancing performance under various driving situatiom 54 various other parameters are defined in Table I. The
short, the performance highly depends on the level of loﬁgefﬁcientsbei _ 1 and b, = . Note thatD,(t)
. e . . . . . 3600C.; 7 [ v
variations. Any drive cycle with long high-power intervats g 5 feedthrough gain from(t) to vy, (¢).
challenging for simultaneous thermal and SOC balancing.
The results show that it is sufficient to usestep MPC to
achieve promising thermal and SOC balancing performance
for benign to normal driving with short driving pulses (as inlll S. J. Moura, “Techniques for battery health consciousveroman-
SCM17kmA6 and ARTEMIS Rural drive cycles). ThHestep g%i?ﬁ;éox"auﬁlisgtg&hi;n ,'\;filhig?:eggflland optimal cofit®h.D.
MPC also shows good thermal balancing performance und@ C. D. Rahn and C.-Y. Wangdgattery systems engineeringJohn Wiley
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