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Hierarchical MPC for optimal active cell balancing of a multi-module
battery system

B.A.C. van de Ven

Abstract— In this paper a novel Hierarchical MPC (H-MPC)
control scheme for active cell balancing is introduced. This
control scheme is applied to a battery system consisting of
multiple modules, each of which is connected to a DC/DC
converter through a switch matrix. This converter and switch
matrix are used to achieve both State-of-Charge balance in the
battery pack, and regulation of the voltage of the auxiliary
battery, which is also part of the battery system. Due to the
multi-objective nature of the problem a controller with a Model-
Predictive-Control (MPC) structure is very suitable. However,
because of the large dimensions of the problem a decomposition
of the objectives needs to be made. In order to implement
this into a controller, a hierarchical control structure is used,
which reduces the controller size, hence improving scalability.
Besides allowing for a reduction in size, this also allows for
the use of multiple control techniques, needed due to the
discrete nature of the selection of switch matrix positions. In
this paper the H-MPC control scheme is derived, implemented,
and compared to a controller currently used for this application.
This comparison is done for multiple simulation cases. The
resulting hierarchical control scheme introduces improvements
inherent to its structure such as scalability, while retaining the
performance of the existing controller.

I. INTRODUCTION

With the increasing electrification of vehicles, the perform-
ance demanded from battery technology, as well as that from
the other systems in the battery pack, is ever increasing.
However, this performance increase is limited by boundary
conditions which are present to yield increasingly lighter and
less expensive systems. This can be seen as the first design
issue. Besides this, an imbalance between battery cells is
another design issue that leads to a limited performance.
This imbalance results from the differences in capacity and
internal resistance between the cells, which are present due to
manufacturing imperfections. Furthermore, these differences
increase over time, as each cell is exposed to different con-
ditions during use. Because of this an increasingly unequal
amount of usable energy is available in the cells.

Both of the aforementioned design issues can be
tackled individually by implementing an energy-dense, cost-
optimised battery system to achieve the highest possible
performance, as well as a battery balancing system to correct
the imbalance, respectively. The former can be achieved by
selecting high energy-density battery cells, and designing the
battery pack for minimal weight and cost overhead. Doing
so, the impact of these overheads on the performance is
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minimised. For the system considered in this paper, the
converter that supplies the auxiliary systems of the vehicle
is one of the main weight and cost overheads. Besides
maximising the performance of the design, the issue of cell
imbalance can be tackled by a battery management system
that allows for cell balancing. In [1]–[3] multiple examples of
hardware topologies for such systems are mentioned. These
topologies can be divided into two main categories: active,
and passive balancing methods. Active methods re-purpose
the energy extracted from fuller cells, for instance by using
this to charge low-energy cells or by storing it in an energy
buffer. On the other hand, the passive methods dissipate the
energy that is extracted from the fuller cells. The trade-off
with topologies from the former category is that these are
generally more efficient, but have a higher cost, whereas
the opposite is true for the latter category. Due to this,
passive balancing topologies are presently most commonly
used in production vehicles. To extract the maximal per-
formance from an active cell-balancing topology, a suitable
control method is needed. There are many methods for this,
such as feedback controllers [4], Fuzzy Logic Control [5],
Convex optimisation [6]–[9], or Model-Predictive Control
(MPC) [10]–[12]. These control algorithms can be based
on equalisation of either terminal voltage, State-of-Charge
(SoC) level, remaining energy or another parameter that
shows the mismatch between the cells [13].

While the aforementioned approaches to tackle the design
issues separately do all yield a high-energy-density, low-cost
system, with cell balancing, there are still overlaps between
hardware functions, as well as possible conflicts between the
objectives of the control schemes. Combining the balancing
hardware with the converter feeding the auxiliary battery
removes part of this overlap, as well as the conflicts. Doing
this leads to a lighter, less expensive system, due to the
decreased size and number of converters. Such an approach
is proposed in [14], and forms the battery system topology
that is considered in this paper. In [14] a modular battery
pack is suggested, in which each module of battery cells has
a converter that is used for both active cell balancing and for
regulating the voltage of the auxiliary battery in the system.
The hardware employed to do this is introduced in more
detail in Section II. However, the control scheme proposed
in [14, 15] for the topology has several shortcomings that
prevent it from performing optimally. Firstly, the proposed
controller showcases poor scalability due to the size of the
centralised problem. As this centralised problem relies on
701 calculations for each module, at every time step, to find
the optimal switch position and converter set point. This is
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due to the 100 duty ratio grid points and 7 switch positions,
for which the a cost is calculated. Furthermore, another issue
is that the controller does not use any future prediction, while
being based on MPC concepts. This is the case as the used
models are not able to capture the full behaviour of the
system, as well as due to the dimensions of the problem
being too large. The final issue is that the control scheme
does not include the auxiliary battery regulation into the
main problem, but rather uses a PID controller to do this
separately.

The main contribution of this paper is to improve upon the
control scheme posed in [14, 15], with a focus on improving
the scalability of the controller. This is done in order to
yield a solution suitable for any number of battery modules.
Besides this, another aim is to enable the module-level
controllers to operate independently, as to enable a stand-
alone mode. Such a stand-alone mode is useful when re-
purposing the batteries once having outlived their useful lives
in the vehicle. The final aim is retaining or improving the
performance for the operation of the system, both in terms of
balancing and in terms of auxiliary battery voltage regulation.
These aims are realised by implementing a Hierarchical MPC
(H-MPC) control scheme, inspired by works from the field of
Smart Grids such as [16, 17], combined with more traditional
MPC theory [18, 19].

This paper is structured as follows: in Section II the
problem at hand is introduced, and the used models are
defined. Section III presents the general hierarchical control
structure. Following this, the H-MPC controller is derived in
Section IV. Results from simulations using this controller
on multiple use cases are shown in Section V. Finally
conclusions are drawn in Section VI.

II. PROBLEM STATEMENT

The battery system considered in this paper, as taken from
[14], has a scalable structure, consisting of N modules. A
schematic drawing of this can be found in Fig. 1, where one
module is shown in detail. Each of these modules consists
of M sub-modules, a Ćuk-type DC/DC converter, and a
switch matrix connecting the sub-modules to the DC/DC
converter. This switch matrix enables one of the M sub-
modules or all M sub-modules to be connected to the
converter, with the converter connecting the (sub-)module to
the auxiliary battery. This switch matrix enables sharing of
the converter, removing the need for separate converters for
all sub-modules, while simultaneously removing the need for
a separate converter to feed the auxiliary battery. This thus
reduces the weight and cost of the system, while keeping the
system scalable. This hardware topology is used to power
the high-voltage systems of the vehicle, with the current
of the high-voltage bus flowing through all sub-modules
in the pack. Besides this, both SoC balancing of the sub-
modules, and voltage regulation of the auxiliary battery can
be achieved by selecting sub-module(s) to connect to the
converter. The converters of each module are connected in
parallel, and discharge the connected (sub-)modules into
the auxiliary battery, where the energy is used to feed
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Fig. 1: The topology of the battery system as considered
in this paper, with one of the N modules shown in detail.
This module contains M sub-modules, a switch matrix, and
a Ćuk-type converter. Figure taken from [14].

auxiliary vehicle systems. This can also be done in the
opposite direction, where a (sub-)module can be charged
by the auxiliary battery, using energy from either another
(sub-)module or the auxiliary battery. Doing that means the
balancing scheme is bi-directional.

In this section, first a more in-depth description of the
major components of the system is given, focusing on the
battery sub-modules, the auxiliary battery, as well as the
converter. Following this the control objectives of the system
are introduced.

A. Battery models

In the system lithium-ion-based battery cells are used as
the basis for the battery modules, while a lead-acid battery
is used as an auxiliary battery. In the battery pack, a number
of lithium-ion cells are connected in parallel to form a
sub-module, M of which are connected in series to form
a module. Connecting N modules in series leads to the
battery pack, which is used to supply the power train through
the high-voltage bus of the vehicle. The auxiliary lead-acid
battery is used to supply auxiliary systems through the low-
voltage bus, e.g. vehicle cooling systems, air conditioning,
and advanced driver aid systems.

The lithium-ion-based cells can be modelled in a state-
space representation. The model used to describe these cells
is the result of ARX modelling of the overpotential. As
the open-circuit voltage is represented by a non-linear term
fn,m, the resulting state-space model has a non-linear output
equation. The state-space model takes the form of

xn,mk+1 = An,mxn,mk +Bn,mun,mtot,k

yn,mk = fn,m (xn,mk ) +Dn,mun,mtot,k

un,mtot,k = un,mk + whv
k ,

(1a)

for each sub-module. In this •n,mk is defined by n ∈ N =
{1, . . . , N}, where N is the number of modules, m ∈M =
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{1, . . . ,M}, where M is the number of sub-modules per
module, and k ∈ K = {0, . . . ,K − 1} as the time instances.
Furthermore, un,mk represents the balancing current on a sub-
module, and whv

k is current on the high-voltage bus of the
vehicle. This current is equal for all of the sub-modules in
the pack, as these are all connected in series.

For the lead-acid based auxiliary battery an almost
identical model structure is used. For this model the super-
scripts are replaced by •a, and the load current becomes wlv

k

to represent the current on the low-voltage bus. This leads
to the model 

xak+1 = Aaxak +Bauatot,k
yak = fa (xak) +Dauatot,k
uatot,k = uak + wlv

k .
(1b)

The input to this model is

uak =
∑
n∈N

ua,nk , (1c)

where ua,nk represents the current on the output of the con-
verters belonging to the N modules, which are all connected
to the auxiliary bus in parallel.

B. Converter model

The Ćuk-type converters are placed between the switch
matrix of each module and the auxiliary battery to achieve
balancing. These converters set the current that is drawn
from the connected (sub-)modules, and convert this to the
voltage level of the auxiliary battery. In practice this is done
by setting the on-time of the switched converter input but for
simplicity this is considered to result in a constant current
level unk on the primary, or module, side of the converter
at all times, which corresponds to the selected balancing
current un,mk for the connected (sub-)module. Therefore,
each converter can be represented by the power balance

yaku
a,n
k η− =

{
η+u

n
k

∑
m∈M yn,mk if module

η+u
n
ky

n,m
k if sub-module,

(1d)

where η+/− represents the efficiency as a function of the
input power of the converter in either direction, which
is unity when the converter is operating in the opposite
direction. Besides this, yak represents the voltage level of the
auxiliary battery. The primary-side voltage depends on the
connected (sub-)module, and can therefore either correspond
to the voltage level of a sub-module, indicated by yn,mk , or
to that of the module, indicated by the sum of sub-module
voltages. As the voltages of the sub-modules vary with the
converter current unk on the primary side, and the voltage of
the auxiliary battery varies with the current of the converter
ua,nk on the secondary side, an algebraic loop arises. This
loop leads to differential equations that are difficult to solve.

A way to remove this algebraic loop, is to consider the
voltage levels at the previous time instance. This can be
done when the currents of a single converter are assumed
to be small and the change in the voltages of both the
connected (sub-)module and the auxiliary battery is assumed

to be small over the time step as well. This assumption only
holds when the internal resistance of the sub-modules and
auxiliary battery (related to Dn,m and Da in equation (1a)
and (1b) respectively) are small. Besides this, conditions

uT � 3600Qn,m (2)

and
ηynu

ya
T � 3600Qa (3)

need hold, with yn representing the voltage on the module
side of the converter. In these Qn,m is the capacity of a sub-
module in Ah, Qa is the capacity of the auxiliary battery in
Ah, and u is the maximal current set point of the converter.
According to (2) and (3), the change in charge is negligible
over a time instance T , when the maximum balancing current
u is assumed to be small. As the voltages yak and yn,mk are
functions of the amount of charge present in the batteries,
the change in these voltages over time instance T is thus
also negligible.

C. System objectives

In order to achieve the best form of control for the system
introduced above, a set of control objectives has to be posed.
The goals of this system are twofold, both balancing of
sub-modules, and auxiliary battery regulation are important.
The first of these objectives concerns the regulation of the
auxiliary battery voltage around a set point, thus focusing
on the second goal. This objective can be described by the
optimisation problem

minimise
un,m
k

∑
k∈K

(
yak
(
un,mk , wlv

k

)
− yrefk

)2
subject to ya ≤ yak ≤ ya

u ≤ un,mk ≤ u
eq. (1b)-(1d),

(4a)

where yak is a function of the balancing current un,mk and low-
voltage bus current wlv

k . Besides this, yrefk is the reference
voltage of the auxiliary battery, ya and ya are the voltage
bounds, and u and u are the bounds on the balancing current
applied to the (sub-)modules. In case of uni-directional
balancing u has to be set to 0, whereas it can be set to
any negative value if the hardware allows for bi-directional
balancing, meaning it is allowed to both take energy from
and supply energy to the sub-modules. Maintaining a steady
auxiliary battery voltage is important, as to be able to reliably
support the auxiliary systems in the vehicle.

The other objective concerns achieving balance between
all sub-modules, which is necessary to equalise the amount
of energy in all the sub-modules that is usable for the
high-voltage load, such as to allow extension of the driving
range. For this the SoC level of the sub-modules is used
as a parameter, as this is a normalised quantity that clearly
shows the remaining percentage of charge compared to the
maximum possible capacity. Formulating this objective in
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terms of an optimisation problem leads to

minimise
un,m
k

∑
k∈K

∑
n∈N

∑
m∈M

(
sn,mk

(
un,mk , whv

k

)
− σk

)2
subject to s ≤ sn,mk ≤ s

u ≤ un,mk ≤ u
eq. (1a),

(4b)
where sn,mk represents the SoC of a sub-module as a function
of the balancing current un,mk and high-voltage bus current
whv
k . Additionally, s and s are the bounds on the SoC level.

Next to this

σk =
1

NM

∑
n∈N

∑
m∈M

sn,mk (4c)

defines the average SoC level of the battery pack.
These two objectives need to be minimised simultan-

eously in order to guarantee the best possible performance.
However, from (4b) it immediately becomes clear that this
objective will grow with the amount of sub-modules in
the system, thus making it increasingly more complex to
solve using a centralised controller. Besides this, the shared
converters lead to added complexity as well by making part
of the problem discrete, as a choice has to be made between
the limited number of positions of the switch matrix to select
a sub-module or the module. In Sections III and IV a suitable
method to deal with these issues, and to solve the objectives,
will be introduced.

III. HIERARCHICAL CONTROL STRUCTURE

When considering a problem like the one posed in Section
II-C, with large N and/or M , it is necessary to find a way
to downsize the control problem at hand. One way to do
this is to identify if the system can be split into multiple
subsystems based on the system description, which is indeed
the case for the system considered in this paper. A possible
way to achieve downsizing of the problem is to implement
a hierarchical structure, as applied in [16, 17] to Smart
Grids. Such a structure consists of multiple control levels,
the number of which depends on the structure of the system.
Between these levels aggregators can be used to reduce
the states in upwards direction, as well as to control the
underlying plants. In this paper an example of 2 levels is
used, as that is the maximum amount suitable to the main
problem of the paper, but in theory it can be applied for any
number of layers. An example of this 2-level hierarchical
control structure is given in Fig. 2, where each of the N
aggregators includes a lower-level controller which directly
controls the M subsystems of each group.

A major advantage of this control scheme is the reduction
of the dimensions of the problem. This is achieved through
the aggregators which combine the states of the underlying
subsystems to a reduced number of aggregated states xn.
Using this the dynamics of the separate underlying plants
are completely hidden from the higher-level controller, and
only the aggregated dynamics and states remain. Due to this
a controller with smaller dimensions can be used. The curse

High-level Control

Aggregator 1 Aggregator N. . .
1,1u

1u

1x Nx

Nu

,M1u 1N,u N,Mu. . . . . .

Fig. 2: The suggested hierarchical control structure, using N
aggregators, and M subsystems per aggregator.

of dimensionality is also partially mitigated, as the higher-
level controller now only grows linearly with the system
size. Considering an example system with N groups of M
subsystems each, with 2 states per subsystem, illustrates this
properly. For a centralised controller this leads to a a total
of 2MN states. However, with an aggregator for each of the
N groups the 2M states of each group are aggregated to 2
states. This leads to a total of 2N states at the higher-level
controller, thus reducing the size by a factor M .

Besides this, the multiple control levels allow for different
control techniques to be used on each level. This makes
the control structure suitable for problems that consist of
multiple types, e.g. continuous and integer. This also allows
for the use of controllers with different bandwidths, such as
to be able to control multiple different characteristics of the
system.

Another advantage of the hierarchical control structure
is that it can be easily scaled in a modular way, as only
one aggregated model needs to be added to the high-level
controller for each aggregator below it. This modularity also
shows in the fact that the controllers on the lower levels can
be identical, making the control structure very suitable to
parallel operation. This makes the structure suitable to have
the controllers of lower levels distributed among multiple
devices. In such a case, a final advantage that can be seen
is that the communication load between the controllers is
vastly reduced due to the aggregators. This is especially
valuable when the controllers are distributed among local
control devices.

One remark that needs to be made for the application
of the hierarchical control structure is that the performance
of the centralised controller can only be retained if it is
decomposable to match the hierarchical control structure.
If this is not possible, this will result in a difference in
performance. However, using a hierarchical control structure
can still be interesting in that case, due to the vastly reduced
degree of complexity.

IV. HIERARCHICAL MPC
Having introduced the hierarchical control structure, the

control blocks within this structure can be filled in. In
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Fig. 3: The used hierarchical control structure, with N
modules. The arrows indicate the flow of control signals
between parts of the hierarchical structure.

order to be able to do so, a distinction needs to be made
between the module and sub-module part of (4b), as different
control techniques are needed for the different parts, due to
the discrete number of switch matrix positions. To achieve
this, a decomposition of (4b) is done in this section, as
well as a decomposition of the optimisation variables used
in (4). After this, an MPC controller is discussed for the
higher-level controller. As this controller regulates both (4a),
and the module part of (4b), it will named the pack-level
controller. Besides this, both a quasi-MPC controller, and a
rule-based controller are discussed for the underlying lower-
level controller. As this controller regulates the sub-module
part of (4b), it is called the module-level controller. In Fig.
3 the resulting control structure can be seen, including the
different control blocks, as well as the signals communicated
between them. This communication is also discussed in this
section.

A. Objective Decomposition

The hierarchical control structure requires (4b) to be
separated into a module balancing and sub-module balancing
part, for use in the pack- and module-level controllers,
respectively. In order to achieve this, a decomposition of
this objective into two parts is required. As a first step the
average SoC level δnk of each module is introduced, where

δnk =
1

M

∑
m∈M

sn,mk . (5)

This represents the aggregated state given by the aggregator
to the pack-level controller. Using this, the pack-level SoC
balancing objective can be formulated as∑

k∈K

∑
n∈N

∑
m∈M

(δnk − σk)
2 . (6a)

In this summation all of the M sub-modules in all N
modules are considered, to account for the all the sub-
modules in the system, as was done in (4b). However, as
both δnk and σk do not vary with m, the summation over
m ∈M implies a multiplication with M .

To simultaneously achieve SoC balancing within each of
the modules, the module-level objective∑

k∈K

∑
n∈N

∑
m∈M

(sn,mk − δnk )
2 (6b)

is formulated. This objective is written in global form here,
however can be implemented separately in all N modules.
Adding (6a) and (6b) leads to a centralised balancing ob-
jective, for which Proposition IV.1 holds. This proposition
shows that (6c) reduces to the original balancing objective
as posed in (4b), thus proving it to be decomposable.

Proposition IV.1 Balancing objective (4b) is equivalent to
the sum of (6a) and (6b):∑

k∈K

∑
n∈N

∑
m∈M

(
(δnk − σk)

2
+ (sn,mk − δnk )

2
)

. (6c)

Proof: See Appendix I.
Since Proposition IV.1 has been proven to hold, no penalty in
terms of performance is associated with the decomposition.
Therefore, the balancing performance of the centralised con-
troller is in theory retained for the decomposed hierarchical
controller.

B. Control Input Decomposition

In order to achieve full decoupling of the SoC balancing
objectives (6a) and (6b), the inputs to these objectives also
need to be decoupled. This is necessary as both are a function
of un,mk . To achieve this, the variables αn,mk and µnk are
introduced. These variables relate to un,mk , the resulting
current that is applied to the sub-modules, through the
equation

un,mk = αn,mk µnk . (7)

In this equation the variable αn,mk corresponds to the position
of the switch matrix as seen in Fig. 1, and is defined by

αn,mk (i) =

{
1 if i = m or i = M + 1

0 elsewhere.
(8)

Here i ∈ {1, . . . ,M + 1} represents the selected switch
matrix position, with M + 1 corresponding to the module
being connected, and all in {1, . . . ,M} corresponding to a
sub-module being connected. As the switch matrix is present
on the module level, αn,mk is chosen as the optimisation
variable in (6b). The algorithm behind this is discussed in
Section IV-D in more detail.

Besides this, µnk becomes the optimisation variable in both
(4a) and (6a) in the pack-level controller, and is communic-
ated to the module-level controller as a set point, as can be
seen in Fig. 3.
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C. Pack-level Controller

Taking the adaptations done in Section IV-A, that lead to
(6a) into account, the balancing objective of the pack-level
controller becomes

minimise
µn
k

∑
k∈K

∑
n∈N

∑
m∈M

(
δnk
(
µnk , w

hv
k

)
− σk

)2
subject to s ≤ δnk ≤ s

u ≤ µnk ≤ u
eq. (1a).

(9a)

In this the average SoC of the module δnk is a function of the
set-point current µnk and the high-voltage bus load current
whv
k . On the other hand the auxiliary battery regulation

objective is formulated by

minimise
µn
k

∑
k∈K

(
yak
(
µnk , w

lv
k

)
− yrefk

)2
subject to ya ≤ yak ≤ ya

u ≤ µnk ≤ u
eq. (1b)-(1d),

(9b)

with auxiliary battery voltage yak as a function of the set-
point current µnk and the low-voltage bus load current wlv

k .
Both of these objectives are global to the system, and will
hence form the pack-level controller.

As both objectives in (9) have µnk as the optimisation
variables, it makes sense to combine the objectives and solve
for these simultaneously. Such a joint model can be made
by combining the model for the auxiliary battery (1b)-(1d),
with the aggregated models of the battery modules. These
aggregated models are averages of the entries from (1a)
related to the SoC evolution. The second part of the joint
model is scalable, such as to match objective (9a), which is
posed such that it can cope with any number of N modules.
This results in the system matrices

[
Ack Bck

]
=


Aa Barnk

A1 B1

. . .
...

AN BN

 , (10)

where An and Bn are aggregated models that describe the
average SoC evolution of module n, while Aa and Ba

describe the state evolution of the auxiliary battery. The state
vector belonging to this system takes the form

X =
[
sak oak δ1k . . . δNk

]>
(11)

where auxiliary battery SoC sak and overpotential oak together
lead to auxiliary battery voltage yak .

In order to account for the converter between each module
and the auxiliary battery, the matrix Ba is multiplied with rnk ,
which is an approximation of the conversion rate between the
voltage level of the module and that of the auxiliary battery.
This approximation is of the form of

rnk = ηconv

∑
m∈M yn,mk−1
yak−1

, (12)

where ηconv is the assumed efficiency of the converter. Next
to this, the voltage levels ya and yn,m at the previous time
step are used. This is done to linearise the calculation of the
conversion rate, at the cost of not including the effects on the
over-potential and voltage drop associated with the selected
current. As explained in Section II-B, this is is allowed due
to a relatively small difference in voltage over one time step.
The sub-module voltage yn,m is summed in (12), this is done
as the pack-level controller assumes it controls a current
through all the sub-modules of a module as a string, due
to the aggregated model (10) used in this controller. When
instead only one sub-module is selected by the module-level
controller, for instance in case of imbalance between sub-
modules, it is the task of the module-level controller to
resolve this as good as possible within the posed current
bounds. To this end it uses the set point from the pack-
level controller to find the required output power, as will be
discussed in Section IV-D.

MPC is a very suitable method to regulate the states of this
joint model. This is the case as it can simultaneously regulate
all states up to a certain time horizon, and can thus take
into account future behaviour. Besides this, MPC also allows
to implement the objectives and to set a balance between
them using cost matrices on the states and inputs. Using
techniques from [20]–[23] MPC can also be applied to a
hierarchical control scheme, thus proving to be very suitable
to the chosen control structure. One issue with the MPC
approach is that it is based on state feedback, and thus cannot
control the voltage level of the auxiliary battery directly. A
solution for this is to convert the reference voltage level to a
corresponding SoC level saref , and use this as the reference
for the MPC controller. In this SoC level the voltage drop due
to the net current on the auxiliary battery is included through
a term that corrects for the net current over the previous time
step.

Because of the low-voltage and high-voltage bus currents
that act as a disturbance on the auxiliary battery and the sub-
modules, respectively, the standard MPC scheme needs to be
adapted to take the impact of these disturbances on the state
evolution into account. This is done by extending the cost
function of the MPC scheme to include a disturbance term
wpred
k . This term contains the predicted magnitudes for both

bus currents up to the chosen time horizon. This extension
leads to the modified cost function

J (xk, Uk) =
1

2
U>k GUk + U>k

(
Fxk +Hwpred

k

)
, (13a)

in which H is the cost matrix associated with the cross
term of the found input sequence Uk and the predicted
disturbance. In this the terms that are not influenced by the
input sequence Uk, and are thus a fixed offset, are neglected.
Additionally, the constraint equation is also modified to
include the disturbance term, which leads to

LUk ≤ c+Wxk + V wpred
k , (13b)

where V transforms the disturbance to the constraint vector.
The matrices describing the MPC problem and the con-
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straints are constructed using methods from [19], using the
joint system matrices from (10).

In order to place the point of optimal operation at a state
cost of zero, and thus aid calculation of the optimal input
sequence, the system is modified to an error system. For the
auxiliary battery this can be done by subtracting the reference
values from the states, thus the error state for this becomes

eak =
[
sak oak

]> − [ saref 0
]>

. (14)

However, to achieve an error state for the aggregated module
SoC levels more modification is needed. This entails the in-
clusion of an averaging method into the prediction matrices,
which can be achieved by multiplication of the prediction
matrices with a diagonal repetition up to the time horizon of

∆̂ =

[
I2

∆

]
, (15)

in which

∆ = IN −
1

N
1N×N . (16)

Doing this yields the error of each module with respect to
the average SoC level of the pack σk, the value of which
is updated at each prediction step. A benefit of using the ∆
matrix is that it removes the need to find a fixed reference
value for the module SoC values to converge to, as done
internally to the prediction matrix, and evolves over the
prediction steps. A similar approach to this is used in [12].

Solving the resulting MPC problem in the pack-level con-
troller can be done using a variety of quadratic programming
(QP) solvers, as well as through a Linear Complementary
Problem (LCP) method. For simplicity the MatLab QP solver
quadprog has been used during the development of the
algorithm. However, Lemke’s Algorithm for solving the LCP
form of the problem has also been tested, and has been found
to yield identical results, with higher numeric precision. This
method was not further pursued due to the lack of insight
into the inner workings of this method, which lead to issues
during implementation.

D. Module-level Controller

As the pack-level controller covers the regulation of the
auxiliary battery voltage, as well as the balancing of the
modules, only the balancing of the sub-modules remains.
This is controlled by the module-level controllers, each
of which take a set point current µnk from the pack-level
controller and use this to select the switch matrix position
αn,mk . Additionally the variable βnk is introduced, which
corresponds to all sub-modules being connected in a series
string when the module is selected. βnk = 1 thus corresponds
to a case when all entries of αn,mk from one module are unity.
Through this variable the module-level controller selects to
either draw current form a sub-module or from the module,
with the aim of improving the SoC balance within a modules.
This choice is made separately for each module, and is only
applied to the underlying sub-modules.

k
hvw

S-mod 1

S-mod M

k
1n,u

k
n,Mu

k
n,Mα

k
nβ

k
nβ

k
nβ

k
a,nuk

nu

Switch Matrix

Converter

k
1n,α

Fig. 4: One of the modules of the system, including 2 of the
M sub-modules, the switch matrix, and the Ćuk-type DC/DC
converter.

In order to achieve this, the module-level SoC balancing
objective

minimise
αn,m

k

∑
k∈K

∑
m∈M

(sn,mk (αn,mk , µnk )− δnk )
2

subject to s ≤ sn,mk ≤ s
eq. (1a), (8),

(17)

as derived from (6b), needs to be implemented in all N
modules. A simplified version of one the modules to which
this objective is applied is shown in Fig. 4, in which both the
currents, as well as the switching variables that result from
the module-level controller can be seen.

Multiple methods exist to implement (17), with varying
degrees of performance and computational load. Firstly, a
cost-based pseudo-MPC algorithm is considered, in which
the most cost-efficient position of the switch matrix up to a
certain time horizon is selected. Besides this, another option
is to use a rule-based approach, in which the switch position
is selected by following a fixed set of rules. Both of these
methods are covered in the sub-sections below.

1) Cost-based Controller: In the cost-based module-level
controller the position of the switch matrix is selected based
on a cost associated with each of the possible positions,
as calculated by a quasi-MPC method. In this method, the
states of the sub-modules are used together with the set
point current as determined by the pack-level controller
to calculate the cost. Using this information, module-level
balancing objective (17) can be implemented for all of the
i possible positions of the switch matrix, as defined by (8).
This leads to the cost function

Jni,k = (1− γ)
∑
m∈M

(
sn,mi,k+1 − δni,k+1

)2
+ γJai,k, (18)

in which γ is a tuning parameter that can be used to
vary the influence of the bias term Jai,k on the module-
level controller. This bias term prevents the auxiliary battery
voltage regulation from being impacted negatively by internal
SoC balancing of the modules, and thus ensures that both
the balancing and voltage regulation can be maintained
simultaneously. This is needed due to the decreased current
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level on the output of the DC/DC converter that results
from the selection of a sub-module instead of the module,
because of the different voltage levels associated with them.
To counter this, the bias term yields a favourable cost towards
selecting the module in case of relatively small sub-module
SoC imbalance, or a relatively large auxiliary battery SoC
error. The bias term is defined by

Jai,k = Qai (eak)
2 , (19)

were eak is the SoC error of the auxiliary battery as calculated
in the pack-level controller by (14), and Qa,i is a vector,
which can contain a different cost for all i positions of the
switch matrix. Besides this, to calculate the cost using (18),
the evolution of the SoC of the sub-modules is calculated
using

sn,mi,k+1 = sn,mk +Bn,mαn,mi,k uni,k, (20)

while
δni,k+1 =

1

M

∑
m∈M

sn,mi,k+1 (21)

is used to calculate the resulting average SoC of the module
for the different positions i.

The input current of the n-th converter uni,k is defined
differently for each position of the switch matrix. This is
different for each position in order to correct for scaling of
the converter output current ua,nk due to different voltage
levels associated with the selection of sub-modules or mod-
ules. The resulting current is a function of the set point µnk
as found by the pack-level controller, and is described by

uni,k =

{
µnk

∑
m∈M yn,m

k

yn,i
k

if i ∈ {1, . . . ,M}
µnk if i = M + 1

, (22)

which has to satisfy

u ≤ uni,k ≤ u. (23)

Due to these bounds, the module-level controller cannot
always guarantee the output power µnk

∑
m∈M yn,mk that

is expected by the pack-level controller, and thus possibly
introduces a sub-obtimality when selecting a sub-module.
Selecting the position i with the lowest cost in (18), yields
the switch position that will lead to the best performance in
terms of both improvement in sub-module balance within the
module and auxiliary battery voltage regulation. The current
uni,k for this selected switch position i corresponds to the
current unk in Fig. 4.

2) Rule-based Controller: Another possible controller is
the rule-based module controller. As this controller follows
a fixed set of rules, it leads to very predictable behaviour,
while also being much less computationally intensive. The
following steps are followed:

1) Calculate SoC errors within the module, with respect
to the average SoC of the module, sn,mk − δnk .

2) Check if these SoC errors are within the boundaries,
if yes, go to 4.

3) Select sub-module with largest SoC error for operation,
and go to 5.

4) Select module for operation.
5) Calculate the current that matches the set point µnk for

the selected switch position using (22).
6) Set the values, and wait for next time step.
This controller requires much less computation compared

to the cost-based controller, and is thus more suitable for
application in devices with low computational power. How-
ever, one of the downsides of this rule-based controller is that
the effects of the selected switch position on the module are
not taken into account. Due to this, the sub-modules with the
highest SoC are always selected, as shown in [15]. This is not
always a trivial choice, as selecting a sub-module close to the
average might yield a better module average. Furthermore,
it is harder to include the SoC error of the auxiliary bus into
this controller in a similar way to how this has been done for
the cost-based controller. This thus leads to worse regulation
of the auxiliary battery voltage, than what would be present
when using the cost-based module-level controller.

Besides containing one of these controllers, the module-
level controller also includes an aggregator part. This aggreg-
ator calculates the average module SoC level δnk , as defined
by (5), such that this can be communicated to the pack-level
controller.

E. Communication

The communication between the pack-level, and the
module-level controllers is bi-directional, and consist of a
total of 3 signals per module. In the upward direction the
communication consists of the average module SoC level δnk ,
as calculated by the aggregator. This thus supplies the pack-
level controller with the aggregated state of the modules. On
the other hand the communication in downward direction
consists of both the set point current µnk for each module,
and the error states of the auxiliary battery eak, thus supplying
the module-level controllers with a set point, see Fig. 3.

V. RESULTS

In this section the operation of the H-MPC scheme is
shown, using exemplary data from simulation cases done
for the system from [14], using an implementation of the
H-MPC scheme. For both of these a system consisting of 2
modules, N = 2, with 6 sub-modules, M = 6, is considered.
Each of these sub-modules consists of 2 parallel cells, and
is connected to a Ćuk-type DC/DC converter using a switch
matrix. Each of these cells has a nominal capacity of 44Ah,
therefore making each sub-module 88Ah. The auxiliary
battery present in the system is a lead-acid battery with a
capacity of 60Ah. However it is scaled for the simulations
by N

18 , in order to simulate realistic behaviour, where 18 is
the intended number of modules for a full vehicle system.
Furthermore, an auxiliary battery voltage of 12.5V is used
as reference yaref . In order to yield a fair comparison with
respect to the method from [14], all simulations consider
uni-directional operation, however the control scheme also
allows for bi-directional operation. In the following sub-
sections first a comparison of simulation results for one use
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Fig. 5: Load profiles for both the high-voltage and low-
voltage side of the battery system, as used for simulations.

case is done, followed by comparisons of simulations for
multiple use cases.

A. Simulations

The simulation results presented in this section are all
the results of Matlab simulations of models describing the
battery system, the observers used to find the states, and the
controller implementation. The simulations were conducted
for multiple cases, however only one particular case is
highlighted here, to enable a more insightful analysis. In this
case the battery pack is exposed to the drive load on the high-
voltage bus of Fig. 5a, as well as the auxiliary load on the
low-voltage bus from Fig. 5b. This use case corresponds to
a driving phase, followed by a phase of the vehicle being
stationary.

This case is simulated for the controller posed in [14], with
an initial SoC imbalance that is a Gaussian distribution that
has a mean of 50%, and a standard deviation of 4%. This
leads to the SoC levels of the sub-modules that can be seen
in Fig. 6a, and the auxiliary battery voltage in Fig. 6b. From
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Fig. 6: Simulation results using the control scheme posed in
[14, 15].

these results a good trade-off between SoC balancing and
auxiliary battery regulation can be observed. These results
are used as a baseline to judge the functioning of the H-
MPC scheme, with either the rule-based module controller,
or the cost-based module controller.

The results for the H-MPC scheme with the rule-based
module-level controller are shown in Fig. 7. From the
evolution of the SoC levels of the sub-modules in Fig. 7a,
a lower SoC balancing performance can be observed when
compared to the controller from [14, 15]. Furthermore, this
is paired with worse auxiliary battery voltage regulation, as
can be seen in Fig. 7b. From this figure it can be seen
that errors of up to 0.5V are present during the complete
run time of the simulation, with the reference value yaref
of 12.5V not being reached during the simulation. This is
the case as the rule-based module-level controller does not
allow for a trade-off between auxiliary battery regulation and
sub-module balancing, thus preventing it from satisfying all
objectives simultaneously. Therefore, the rule-based module-
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Fig. 7: Simulation results using the hierarchical MPC con-
troller, together with rule-based module-level controllers.

level controller is less suitable for achieving optimal per-
formance in its current form, additionally showing that the
performance of the H-MPC scheme stands of falls with the
quality of the module-level controller.

Next to this, the results for the H-MPC scheme with the
cost-based module-level controller can be seen in Fig. 8.
From the evolution of the sub-module SoC levels in Fig.
8a, it can be seen that a slight improvement in sub-module
balancing is present when compared to the baseline. This
is the case as at the end of the simulation the spread of
the sub-module SoC levels is reduced to 3.44%, which is
a marginal improvement over the controller from [14, 15],
which yields a sub-module SoC spread of 3.58%. Besides
this, the auxiliary battery voltage regulation is almost equal
between the H-MPC scheme and the baseline, with the
controller from [14, 15] being better by 0.03V on average.
Due to this almost equal performance, it can be concluded
that the performance of the H-MPC scheme, with the cost-
based module controller, retains the performance of the
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Fig. 8: Simulation results obtained using the hierarchical
MPC controller, together with cost-based module-level con-
trollers.

controller from [14, 15], and even slightly improves over
it, while offering the benefits of problem size reduction and
scalability, thus achieving part of the goals of the paper. As
the cost-based module-level controller performs superior to
the rule-based module-level controller, the former is the only
module-level controller that is considered for the following
simulations in this paper.

Besides the use case considered above, a multitude of
additional cases can be simulated to judge the performance
of the H-MPC scheme across the a wider range of operating
conditions. Because of this, multiple additional simulations
have been done, at a range of different initial SoC spreads
for the sub-modules, as well as for different load cases,
such as no load (case 1), charging (case 2 and 3), and
driving (case 4 and 5). However, for brevity not all these
simulation cases are elaborated upon here. To showcase the
results, without elaborating on the performance in each case,
a Figure of Merit (FoM) has been defined. Such a FoM makes
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the comparison of the different controllers over the different
use cases more insightful, by generating a matrix with the
performance for all cases. The used FoM is defined by

Fk =
1

NM

∑
n∈N

∑
m∈M

(sn,mk − σk)
2

(sn,m0 − σ0)
2 +

1

k

∑
k∈K

(yak − yaref)2 , (24)

where the first term corresponds to the improvement in the
sub-module SoC balance, with respect to the initial sub-
module balance as calculated using the initial sub-module
SoC levels sn,m0 and the initial average pack SoC level
σ0. The second term corresponds to the regulation of the
auxiliary battery voltage, and tracks this over time. This FoM
can be evaluated at time k where a lower value corresponds
to better performance.

Using (24), a performance matrix is generated for the H-
MPC scheme with the cost-based module-level controller, as
well as for the controller from [14, 15]. The results for this
can be seen in Fig. 9b and Fig. 9a respectively. From these
figures it can be seen that the H-MPC scheme yields better
or equal performance in almost all use cases. In some use
cases the controller from [14, 15] performs marginally better,
however, that is acceptable due to the other improvements
the H-MPC scheme yields. Improved performance by the H-
MPC scheme is especially visible in the use cases where
charging is done (case 2 and 3), as the FoM is reduced
significantly in these cases for most initial sub-module SoC
spreads.

VI. CONCLUSIONS

From the research it can be concluded that H-MPC is an
improvement over the controller from [14, 15], and has been
implemented successfully. The first major improvement is the
scalability of the controller, making the controller suitable
to larger-scale versions of the system. Next to this the hier-
archical control structure also enables stand-alone module
operation, due to the individual module-level controllers.
This is especially convenient for second-life applications of
the battery modules, once use in a vehicle is not feasible
anymore.

Besides this, the H-MPC scheme has led to a reduced
problem size at the pack-level, which, together with im-
proved modelling, allows for the implementation of a model
based control method, such as MPC. This improved control
method within H-MPC allows for preservation of the per-
formance, while simultaneously reducing the complexity of
the controller. When looking at the performance, it can finally
be seen that performance is preserved in most cases when
compared to simulations of the controller from [14, 15],
as shown in Fig. 9. However a small improvement in
performance can be observed in terms of both SoC balancing,
and auxiliary battery voltage regulation, for cases where
the battery pack is being charged. This thus shows that H-
MPC, with the cost-based module-level controller has been
implemented successfully.
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APPENDIX I

Proof of Proposition IV.1: The proof is based on
showing that the decomposed balancing objective (6c) is
equivalent to the centralised balancing objective (4b). This
can be shown by expanding and grouping terms of (6c),
which leads to

∑
k∈K

∑
n∈N

∑
m∈M

(
(sn,mk )

2
+ σk

2

− 2
(
sn,mk δnk + δnkσk − (δnk )

2
))

. (25)

Substituting the definition of δnk from (5) into (25), and
rewriting yields

∑
k∈K

∑
n∈N

 ∑
m∈M

(
(sn,mk )

2
+ σk

2
)

−2

 ∑
m∈M

(
1

M
sn,mk

∑
m∈M

sn,mk

)

+
∑
m∈M

(
1

M

∑
m∈M

(
sn,mk

)
σk

)

−
∑
m∈M

(
1

M

∑
m∈M

sn,mk

)2
 . (26)

Now some of the summations over M can be replaced by
multiplications by M , as the elements are independent of m.
For the same reason, commutativity can be used on other the
summations over M in (26). This leads to

∑
k∈K

∑
n∈N

 ∑
m∈M

(
(sn,mk )

2
+ σk

2
)

−2

 1

M

( ∑
m∈M

sn,mk

)2

+

( ∑
m∈M

sn,mk σk

)

− 1

M

( ∑
m∈M

sn,mk

)2
 . (27)

The second and fourth terms in (27) cancel, which results in∑
k∈K

∑
n∈N

( ∑
m∈M

(
(sn,mk )

2
+ σk

2
)
− 2

∑
m∈M

sn,mk σk

)
, (28)

or, equivalently, in∑
k∈K

∑
n∈N

∑
m∈M

(
(sn,mk )

2
+ σk

2 − 2sn,mk σk

)
. (29)

Completing the squares of (29) results in (4b), and thus
proves that (6c) is indeed equal to (4b), which completes
the proof. �
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