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Abstract— Active cell balancing (ACB) is an important
paradigm in an electric vehicle’s (EV) battery pack. How-
ever, in designing the ACB network (ACBN), the intercon-
nections among cells and the selection of power electronic
components lead to large variations. Therefore, to evaluate
the performance of these diversifications, a modular and
scalable framework is required. Consequently, this work uti-
lizes graph theory to model and evaluate the ACBN perfor-
mance for EV range extension. In this respect, a buck-boost
(BB) converter-based architecture, which comprises N se-
ries adjacent cells, is modeled using the multiplex (M)-a
variant of a graph. Moreover, the high-fidelity expressions
for balancing currents are integrated with M. Building on
that, a nonlinear model predictive control (NMPC) is formu-
lated and subsequently solved to perform ACB. Similarly,
the stability argument for the NMPC based on N cells is
provided, and the provision to perform ACB for various
ACBN types under the graph-NMPC-based framework is
discussed. The simulations are performed for various real-
life driving scenarios, and the results demonstrate that the
BB converter-based architecture has been able to extend
the average EV range up to 32 km under NMPC-based
balancing.

Index Terms— Active cell balancing control, graph-based
modeling, EV range anxiety and nonlinear model predictive
control.

[. INTRODUCTION

Ell balancing of an electric vehicle’s (EV) battery pack
yields multiple advantages, such as improved battery
health, longevity, and increased EV range. In this regard,
active cell balancing (ACB) is a favored approach, as it
prevents unnecessary energy loss. Moreover, the construction
of an ACB network (ACBN) requires the selection of power
electronic components and determining the charge transfer
paths among the cells. These design decisions ultimately
determine the performance of ACBN in terms of balancing
time, power losses, battery health, and EV’s range, among
others. Consequently, to evaluate the performance metrics
achieved by various ACBN configurations, a mathematical
framework is required that is both modular and scalable.
In broader terms, variations in ACBN can be classified based
on the charge transfer topology and the power electronic com-
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ponents, i.e., architecture [1]. Moreover, topologies can further
be categorized based on whether balancing occurs between
adjacent or non-adjacent cells. For instance, [2] provided
a balancing framework for series, module, and layer-based
adjacent topologies. Similarly, in the case of non-adjacent
cells, balancing can be performed by employing cell-to-pack
(C2P), pack-to-cell (P2C), module-based cell-pack, etc. [3].
From the balancing architecture’s standpoint, the common
examples are the switching capacitor, buck-boost converter,
and flyback converter [4].

To evaluate the efficacy of ACBN variants, different mod-
eling approaches exist. For instance, in the system-theoretic
approach, the balancing network is analyzed at the broader
level, and the complexity of individual components is min-
imized [5]. On the other hand, computer software such as
Simscape, PSpice, etc., is usually utilized to better capture the
physics at the component level [6]. The system-level models
are mostly based on differential equations (DE) and state-
space models. Consequently, to add an element of physics
at the component level, algebraic expressions are coupled
with DE models to mimic the ACBN averaging behavior
[7]. For instance, [8] provided average balancing currents
expressions for inductor-based ACBN during charging and
discharging scenarios. Moreover, graph theory (GT) has also
been utilized in modeling and control of ACBNs [9]-[11].
In this regard, [12] provided a comprehensive framework to
model the various charge transfer paths using the hypergraphs.

Similarly, various control techniques with increased focus
on model predictive control (MPC) have been observed in the
ACB paradigm [13]. Non-linear MPC (NMPC) has also been
used to demonstrate EV’s range extension [14]. Moreover,
different MPC variants in terms of cost functions in the face
of different driving scenarios have been analyzed by [15].

It is obvious from the literature review that DE and its
augmentation with algebraic expressions is a conventional
approach in analyzing different ACBNs. However, this is
usually done on an ad hoc basis. In this respect, the graph-
based approach offers a modular (i.e., seamlessly captures
any balancing topology) and scalable framework. However,
to the best of the author’s knowledge, there is no study that
simultaneously integrates GT and algebraic models to capture
physics at the component level. This synergistic approach is
further substantiated by our earlier work [16], wherein we
demonstrated that considering static and dynamic parameters
in ACBN is crucial in evaluating its performance. There-
fore, in light of the above gap, this work aims towards the



following contributions: (i) Proposing a modular modeling
approach for ACBN variants using the multiplex graphs and
integrating high-fidelity currents and detailed derivation of
adjacent-based cell-cell ACBN for N cells. (ii) Formulating
an NMPC problem encapsulating any cell connection and its
subsequent solution for ACB, along with its stability argument.
(iii) Demonstration of EV’s range extension against real-world
driving scenarios as a result of (i) and (ii).

The rest of the letter is distributed as follows: In Section II,
the detailed modeling of the BB converter-based ACBN based
on the graph structure is provided; similarly, in Section III,
the NMPC problem is formulated for the ACBN containing
N cells, and its subsequent stability is proved. Section IV
provides the results on EV’s range extension, and the letter is
concluded in Section V.

II. GRAPH-BASED MODULAR AND SCALABLE MODELING
OF ACTIVE CELL BALANCING NETWORK

Formally, a graph (G) is a pair of sets (V, E), where V is a
set containing vertices s.t V' = {v1,v9,...,vx} and F contain
edges s.t E = {e;; | Vi, j € V'}. The adjacency matrix (A) of a
G is a |V|x|V| matrix such that A(4, j) = 1 if there is an edge
between vertices 4 and j, and A(, j) = 0 otherwise. It can be
seen that A is particularly useful in encoding the information
of cells’ interconnections. This will become more concrete
by modeling a BB converter-based architecture containing N
serially connected cells. Moreover, the provision to incorporate
other topologies using .4 will also be discussed.

Figure la depicts the atomic unit for the BB-based con-
verter. The atomic unit can be extended to N cells by
simply replicating it N — 1 times. Moreover, charge trans-
fer or balancing in Figure la occurs using the following
mechanism: cell n transfers charge to » + 1 by activating
Metal-Oxide—Semiconductor Field-Effect Transistor (MOS-
FET) S; 1, which temporarily stores energy in inductor (L;).
When, S; 1 and S; 2 are turned off, the energy flows from L,
to cell n + 1. The same principle holds in the case of cell
n + 1 transferring charge to n, but with the opposite order
of switches. Similarly, Figure 1b represents the abstraction of
ACBN in terms of graph. Therein the cells are represented as
vertices, and the components in the charge transfer path are
lumped into edges. The rationale behind this simplification is
that since we have assumed a mean balancing current approach
to model ACBN, this means charge usually transfers among
cells at a rapid rate throughout the repeated cycles; however,
when balanced by the currents, the net charge transfer within
a single switching cycle is substantially lower than the charge
stored within the cells. Consequently, the ACBN depicted in
Figure 1 can be defined in terms of a graph as follows: G =
(V,E), where V = {v1,va,...,un} is the set of N vertices
(cells); and E = {e;; | i # j, and j = {¢ £1},Vi,j € V}
is the set of directed edges representing the charge transfer
paths between adjacent cells. This graph can also be defined as

1 = (V, El, )~ the particular index notation will be clarified
in the subsequent paragraphs. Similarly, A(G )ih represents the
charge transfer network as an N x N matrix:

(a) Buidling block for BB converter-based ACBN
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(b) Buidling block for graph-based ACBN

Fig. 1: Atomic Unit for two representations of ACBN

A(G) 1 (85) = Bi 1 + 011,

where 0 is the Kronecker delta function. In (1), setting N to
any positive integer will yield a matrix containing information
for interconnection of N cells, which demonstrates that the
framework is easily scalable. Moreover, just by placing 1 in
the (4, j) index of the adjacency matrix, a charge transfer path
can be formed between cells ¢ and j in a modular fashion.
Moreover, connections in other topologies such as C2P/P2C,
etc., can also be captured in the same manner. In C2P/P2C a
vertex v; can also represent a whole pack, wherein the state
of charge (SoC) of v; is the average SoC of the pack.

However, as illustrated in our previous work [16], the
charging and discharging paths in Figure la have different
expressions due to different physical parameters; thus, G,
alone can’t accommodate these different paths. Consequently,
we invoke the notion of multiplex, which is a family of graphs
cascaded together such that M = [G!, ..., G!], where [ denotes
the total number of layers— see Figure 2. Moreover, each G'
is defined over the same set V and is given as G! = (V, E').
Consequently, to model our ACBN, we set | = 2; this results
in two graphs each for the charging and discharging paths.
The graph for charging path is defined as: G!, = (V, EL);
whereas the graph for the discharging path G3.. = (V, EZ.,)
is set by taking the transpose of A(g)ih in (1).

Moreover, it can be observed in Figure 2 that weights
wi Jws are assigned to the edges of each G'. The edges
e;; depicted in Figure 1b denote the physical connection
between the cells/vertices, whereas wf’; /wldljs represent the
control efforts or MOSFETs’ duty cycles. Subsequently, there

is a one-to-one mapping between w(” /w{s and e;;, however

fori,j € {1,2,....,N} (1)



they both represent different things. Moreover, w¢” ' and wd“
are complementary in nature: NMPC only needs to compute
either one of them. This, along with the fact that M is defined
over the same V/, does not introduce additional computational
burden on NMPC. Similarly, following convention regarding
the current’s direction in M is adopted: in G, the current
flows in the same direction as the direction of the edges
depicted, whereas, in Qﬁis, the current flows in the opposite
direction. Subsequently, regarding cell balancing, if v; has
a higher SoC than that of vo, then the edge €12 € EY,
will become active to transfer charge from v; to vy in ggh;
51multane0usly, es1 € Edw will transfer charge from v; to v
in G2, completing the cycle of charge transfer between cells.

Finally, this paragraph will provide the mathematical model
of ACBN based on M. In the first step, all the control

efforts wCh and de’f are collected into Weight matrices
such that Wch C A(G)L,, and W3, C A(G)5. In the

similar fashion, as each edge in M represents a charge
transfer path, all the currents can be assembled into current
matrices such that Z', C A(G).,, and 72, € A(G)3...

=

Moreover, the expressions for the elements of Ich(z j) and
73..(i,5), Yi,j € V and j {i £ 1}, are defined as
follows: T}, (i,7) = I.,(W}, (i,4),V(v:), and Z2,.(i,7) =
LiisOWV3,.(4,4), V(viz1)), where V(i) represents the open-
circuit voltage of cell/vertex i. Therefore, the SoCs evolution
of N cells based on the net currents and control actions are:

oT
Xp+ — 0

where X is a cell’s SoC vector: X = [z1,29,...,zN], 0T
is time step, and @ is the cell’s capacity. It is important to
realize that current matrices, which dictate the dynamlcs of
cells’ SoCs in (2), derive their structure from A(g)ch and

A(g) through the composition of functions. Consequently,
encodlng the ACBN topology using an adjacency matrix
results in the appropriate allocations of the balancing currents
to the designated cell. Similarly, as mentioned previously, the
dynamics induced due to various components in the charge
transfer paths are lumped into the edges of M; therefore, based
on the suitable selection of the power electronic components,
the relevant expressions for the balancing currents can be
derived and incorporated accordlnglff In this regard the high-
fidelity expressions for currents 7, (i,7) and Z3 (i, j) are
adapted from [16] and generalized as follows

X411 = (Ton + 30 ()

. % )
Ien(iy5) = ﬁ(wi,jT —tq +7e; (7 — 1))7 3)
Ci
o T (X 1) ao, (to; — wi,;T)
Idis(l’]):# *Ipi*Wi_li)Jrl , @
Ry, Vy, )
to, = w; ;T n | ot (1 =€) + 1
0 = W T "((v +Vr, ) Re; et
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Vh s td — Wy jT
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P Rcz( ‘ )7 " Te; '
ot w; T —t
>‘ - d— ) ¢Z7j - ”777 Rdi = ROl +R,C7;7
Ci di

Re; = Roj, + Rg, + Rys, T7¢; = Li/Rey, 74, = Li/Ra;,

where higher and lower open circuit voltages are denoted by

V, and V}, and their corresponding resistances (£2) by Ry, and
Ry, respectively; diode’s D; ; forward voltage is represented
by Vg, ; 7. and 74 are time constants (s) for charging
and discharging of inductor i, respectively; inductor’s peak
current at ¢t = w; ;T is denoted by I,,,;; dead time, switching
time, and the time instant when inductor’s currents become
zero are denoted by tg4, to, and T respectively; u; ; and L,
represent duty cycle of S; ; and inductance of inductor ¢ (H),
respectively; and Ry, Rqs, R, and R4, represent resistances
of inductor, on-state switching, and charging and discharging
paths of inductor, respectively.

[1I. NMPC FORMULATION FOR GRAPH-BASED ACBN

In this section, the NMPC problem is formulated for graph-
based ACBN comprising IV cells. By exploiting the fact that
weight/control and current matrices borrow their structure
from the adjacency matrix, the NMPC problem then naturally
becomes scalable as depicted below. In the following, the cost
function is designed to be balancing aware by declaring that
all cells” SoC should converge to the pack’s average SoC

min (), w4, ®)
ko+Hp, N
> D enk)
k=ko n=1
1 N
en(k) = zn (k) — 2(k), 2(k) = N Zmn(kz),
n=1
subject to
X(kO) = ka (Sb)
ww-(k;) S W, (5¢)
z(k) € X, (5d)
wlyj(k)wj’l(k) = 0, (56)

where H), is the prediction horizon (s) with a value of 20 s;
X}, 1s the initial state vector at the start of the optimization
problem; and the sets W and & in (5c) and (5d), respectively,
are given as:

W:{wiJERJ’_

0.1§wi7j§0.4,i€1/,j:ij:1},
(6)

X:{xneRJr ogxng1}. (7)

The constraint in (5e) ensures that a given cell can’t simul-
taneously give/receive charge to/from the same cell. Moreover,
W is used to represent either W), or W3, as the NMPC only
needs to compute the efforts for a single layer of M only.

A. Stability of Closed-loop system

Prior to demonstrating stability, it is important to validate
that the total charge across the pack remains invariant under
the suitable set of control actions. This is because the charge
invariance property is part of the definition of the Lyapunov
function—to be defined later, which in turn will be used to



demonstrate stability. Mathematically, the objective is then to
show: va 1Tk +1) = Ziv 1 Zi(k). This can be done by
cons1der1ng the state update equation (2): Zl 1zi(k+1) =

ZZ 1T -l-’YZZ 1 Inet(7), where e (2) = E (Iclh(i J)+
Idzs(laj)), and v = dT/Q . Consequently,

N N
ZZ ch { j +Idzs(7’ j)) (8)

N
"l
i=1 i=1 j=1
where (8) is merely the summation of all elements in the
matrix, including the diagonal and off-diagonal elements.

Thus, the right-hand side of (8) can be rearranged as:
Zfiil (I(l'}L(Z’z)+I§zs(l { ) + Z a] 1 ( ch (Z7J)+I§zs(27j))’
where the first term represents the summation along the
diagonal terms and the second along the off-diagonal. Since in
our definition of M, there is no vertex that loops onto itself,
the summation along diagonal terms is zero. Similarly, for off-
diagonal terms, the control constraints (5¢) and complementary
weights imply that Vi,j € V, i # j : w” 04 =
wi A wSh = 0.1, and vice versa. This—along with the
assumption that charging and discharging currents have the
same value—amounts to the fact that summation along the
off-diagonal terms is zero as well. Therefore, the right-hand
side of (8) is equal to zero. From the above steps, it is clear
that:

N
Z x;i (k)

N N
D wi(k+1) = +y-0=> (k) O
i=1 i=1 i=1

To demonstrate the stability of ACBN comprising IV cells ,
we utilize the dynamics—derived in Section II—and the con-
straints from the NMPC formulation, i.e., (5). By considering
the following Lyapunov function

1
J=zele, el'=ler e en|, )
its time derivative can then be given as
1 N-1
F=5(cTerele) =erer+ D enén+enin, (10)
n=2
N-1 N
=e121 +enNTn + Z enin, Zen =
n=2 n=1

( Iey y +1g, 2) % (*ICN—l,z +lay_y 1)

fr

Q1

N—

Z Qn (71‘371,1 + Idn—l,l - ICn—1,2 + Idn,g) I@ Z

nl

To perform balancing, the NMPC-based control actuates the
w; ; while meeting the condition in (5e). Consequently, either
the first or the second MOSFET of every BB converter will be
turned on. For a battery pack containing a string of N cells,
there are NV possibilities of the relative magnitudes of cell’s
SoCs. Here, we will demonstrate the stability for two extreme
cases: () 1 > x9 > ... > xpn, and (i) 21 < 29 < .<zn.
In case (i), only the upper edges in [ = 1 i.e. w Vz ,J €
V, j =1+ 1, and similarly, the lower edges in [ = 2 will be

activated. Therefore, (10) can be expanded as follows:

L el len]
(Z Qo+ AQn Z Q0+AQn)

n=N/2
N/Z e (_Icn,l +Idn—1,1) M=l lenl (_]Cn,l +Idn—1,1)
> -

n—>= QO + AQ’!L n:N/Q QO + AQn
_ |€1|IC1,1 _ |€N|[dN71,l a1
Qo+AQ1 Qo+AQN

where (g is the nominal capacity of the cells and |AQ,,| <

0.05 is the perturbation term of each cell. The uncertainty in
Ry only impacts the charging and discharging currents given
by (3) and (4). In case of the nominal parameters the first three
terms in (11) become 0 and J is negative. However, even for
5% and 10% uncertainties in @,, and Ry, respectively, the last
two terms in (11) dominate the time derivative of the Lyapunov
functional, and its time derivative takes the following form

|61|ICI.1 |eN|IdN71,1

Qo+AQ1 Qo+ AQN
Which shows that 7 is negative definite and .7 will eventually
go to zero. Similarly, for the second case, the lower edges in

! =1, and upper edges in [ = 2 will be activated. Therefore,
for this case, (10) can be expanded as follows:

L el len]
e (Z Qo+ AQn Z Q0+AQn>

n=N/2
N/ fen (~Tepo +1dn’2)

J< -

12)

N Jenl (<Teniro + T
2 :

ne29 QO + AQn n=N/2 QO + AQn
B le1lZd; , B lenHay_; 5 )
Qo+AQr Qo+AQN’

Like the previous case, if nominal parameters are considered,
the first three terms in (13) become 0 and J s negative.
Similarly, for 5% and 10% uncertainties in @, and Ry,
respectively, the last two terms in (13) dominate and its
derivative becomes:

‘61|Id1,2 . |6N‘ICN71.2
Qo+AQ1 Qo+ AQN

Moreover, the same line of reasoning can be provided for any
distribution of initial SoCs.

J<- (14)

V. RESULTS AND DISCUSSION

In the previous section, the closed-loop BB-converter-based
ACBN was modeled in a scalable and modular fashion. In
this section, the results of ACB under the NMPC framework
will be discussed. Though the system-level manifestation
of ACB will be quantified using EV range extension, the
current modeling approach is equally applicable in evaluating
other physical modules such as battery thermal regulation
and health, etc. Moreover, the performance of NMPC will
also be compared with a rule-based (RB) control strategy.
The closed-loop scheme is depicted in Figure 2, wherein the
central block represents the ACBN, comprising the battery
pack and the BB converters. I, represents the battery current
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Fig. 2: NMPC implementation scheme for graph-based
ACBN.

as demanded by the EV’s powertrain. The NMPC takes in the
information of SoCs of all cells and subsequently generates
the duty cycles w; ;. Moreover, the controller only computes
wff-s as wf’; and wff-s are complementary, and only one of
them needs to be computed. Although the NMPC problem is
formulated for N cells, twelve cells are considered for the
simulation purposes. This number represents the case study
for the electric bike, whose voltage requirement of up to 40 V
can be provided by 12 serially connected cells. Consequently,
the power requirements for a specific application can also be
scaled down accordingly. In this regard, LG 18650HG2 cell
(cf. [17]) is considered for simulation, and its parameters along
with the nominal values of ACBN are given in Table I.

TABLE I: Nominal model parameters for simulations

Parameter Value Parameter Value
T 20 ps tq 2 us
%2 0.3V Rys 5.3 mf)
17 8 ns trr 28 ns
Ry, 0.01 Q2 L 6 uH
Ry, 0.025 ©2 Qnom 10800 As

To evaluate the performance of ACBN for EV’s range
extension, realistic scenarios are considered by incorporating 7
different drive cycles—denoted as I, in Figure 2: D = {US06
City (D;), US06 (D2), US06 Highway (Ds), FHDS (D,),
FUDS Fast (D;), FUDS (Dg), NEDC (D;)}. Similarly, up to
5% and 10% variations in capacity (Q) and Ry, respectively
are considered in the ACBS, whereas, the NMPC model
considers the nominal parameters to showcase its robustness
against parametric variations. Moreover, for each drive cy-
cle, the range is calculated using the following: Range =
fots'”" vpe(t) dt, where vpe is the velocity profile of drive
cycles, and tg;,, is the time instant when the SoC of any
battery cell reaches 10%. Consequently, the range extension
is then quantified by taking the difference of ranges achieved
by ACB and no-balancing (NB) scenarios. Moreover, the
balancing time (¢;) is the time when the standard deviation of
the SoCs o (X (k)) = 0.02. The NMPC problem as formulated

in 5 was solved in MATLAB/Simulink using the CasADi
toolbox and interior point optimizer (Ipopt) algorithm, with the
sampling time of 10 s and the convergence tolerance of le—8.
The simulations were performed on a computer with an Intel
Core 17-1065G7, 1.3 GHz, 10" generation processor; 16 GB
RAM; running Windows 11 Home (64-bit). Moreover, under
the above condition, the average time to solve an optimization
problem at each sampling time was 0.04 s. Regarding the
NMPC computational complexity induced by the graph-based
scalable model, it is worth mentioning that it increases as the
number of cells grows. However, it doesn’t depend on the
way the system is modeled; rather it primarily depends on the
system’s dimension, NMPC parameters, solver settings, etc.

In the rest of the section, the performance metrics
achieved by NMPC-based ACB will be discussed, and
the comparison will be drawn with RB-ACB. For sim-
ulations, the vector of initial SoC levels is X '(0) =
[65 62 85 79 75 63 77 71 82 88 76 68]. Figure 3
demonstrates the results of ACB for the US06 Highway drive
cycle—depicted in Figure 3c. It can be observed in Figure 3a
that the pack started with an imbalanced SoC state. However,
under the NMPC control actions, the states reached the equal-
ized level in under 1 hour despite the aggressive demand of
I.. Once this state was achieved, the cells remained balanced
for the rest of the drive cycle, and the balancing currents
approached zero; cf. Figure 3b. Since NMPC generates 22
control signals for 12 cells, the net balancing currents—which
are relatively fewer in number—are given in the results for
better understanding. Moreover, it can also be observed that
balancing currents are well within their specified bounds and
the switching condition, i.e., (5e), is respected throughout the
simulation.

Finally, Figure 4 shows the range achieved by NMPC, RB,
and NB scenarios for all the drive cycles. The figure clearly
shows that for each case, the range achieved by NMPC is
higher than both RB and NB, with maximum range extensions
of 38 and 42 km reported for FUDS and NEDC drive cycles,
respectively. Overall, an average of 32 km range extension
is achieved across all drive cycles. In comparison to RB,
NMPC achieved a maximum range difference of 42 km in
NEDC and a minimum difference of 5.5 km in USO6HW.
Table II better explains the variations in performance of both
approaches by reporting the ¢, and root mean square (RMS) of
the control actions. In every scenario, NMPC balances more
quickly than RB; therefore, the battery pack gets a longer
operational time, which results in more range. Moreover, the
RMS of RB is always greater than NMPC for all drive cycles.
This is because RB makes the control decisions solely based
on current SoC levels without any working knowledge of
the system’s dynamics. This results in transferring the same
amount of charge among cells at each time step, and the
controller keeps generating the control efforts even when the
balancing criterion is met. Consequently, higher RMS and ¢,
result in lower range extension for RB-based ACB.

V. CONCLUSIONS

In this work a variant of a graph, namely multiplex, is
utilized to model a BB converter-based ACBN. The network
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Fig. 4: Range extension across various drive cycles.

comprises N serially connected cells in adjacent-based cell-
cell topology. The model is then brought under the NMPC
framework to perform cell balancing to enhance the EV’s
range. The graph-based framework is important as it offers the
flexibility to seamlessly capture the different ACBN topologies
and architectures. This is delineated by the modeling process
of BB converter-based ACBN and further integrating high-
fidelity balancing currents to the graph structure. Moreover,
the stability argument for the closed-loop system containing N
cells is provided. The simulations were performed for a range
of real-life driving scenarios, and the results demonstrated an
average increase of 32 km in the EV’s range.

The future work includes increasing the fidelity of the
current graph-based model by incorporating the ACBN power
losses and associating more physics modules such as thermal
properties and aging, etc. This will pave the way to provide
an exhaustive comparison of various ACBN types, including
C2P/P2C, etc.

TABLE [I: Balancing time and Root Mean Square of control
actions of NMPC and RB controller

Drive Cycle  wnasIRB]  wraSINMPC]  ,[RB]  £,[NMPC]
D1 0.2915 0.18 2320 2240
Do 0.2915 0.21 2310 2260
Ds 0.2915 0.24 2300 2270
Dy 0.2915 0.19 2310 2250
Ds 0.2915 0.17 2320 2230
D 0.2915 0.15 2330 2230
Dy 0.2915 0.14 2330 2220
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