A Model Predictive Control with Non-Uniform
Sampling Times for a Hybrid Energy Storage System
in Electric Vehicle Application

Jodo P. Trovao*, Maxime R. Dubois

e-TESC Laboratory / *INESC Coimbra
Department of Electrical & Computer Engineering
University of Sherbrooke
Sherbrooke, QC, J1K 2R 1, Canada
{Joao.Trovao, Maxime.Dubois} @USherbrooke.ca

Abstract—In this paper, the simulation of a semi-active
hybrid topology for urban electric vehicle is developed in order
to define an effective energy management system. The overall
powertrain model including its inner control layer is fully
addressed using energetic macroscopic representation to
introduce the energy strategy level. This management strategy is
supported by model predictive control using non-uniform
sampling time concept. Simulation with Matlab-Simulink™ are
provided to demonstrate the performance of the selected
topology when tailored by a strategy that maintaining within
physical and accurate limits the batteries and supercapacitors
currents, and batteries and supercapacitors state-of-charge on
the driving cycle.

Keywords—Urban Electric Vehicles, Energy Management
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Non-Uniform Sampling Times.

1. INTRODUCTION

Environmentally friendly commercial vehicles such as
battery-only Electric Vehicles (EVs) are increasingly studied
and manufactured at present to minimize environmental
impacts [1, 2]. Specifically, in this days, EVs have extensively
developed for urban purposes, ensuring better performance in
terms of maneuverability, dynamic capability and lethality. For
achievement of these requirements, urban EVs require features
such as high climbing and fast acceleration capabilities, and
energetic efficiency. Therefore, various hybrid topologies of
energy storage system, including batteries and supercapacitors
(SCs), should be appropriately combined considering the
performance requirements, energy economy, as well as driving
cycle completeness [3]. The main idea is supported by the use
in the same energy storage system of high specific energy
(energy battery) and high specific power (SCs) storage
elements. The topology that offers the highest level of freedom
is the fully-decoupled [4]-[6]. For the cost point of view,
automotive industry has been more interested by solution with
less power components requests, and semi-decoupled topology
draw some new perspectives [7]. The use of only a DC-DC
converter is more attractive, but the demand of a quasi-constant
DC Bus and improved strategy to share the power between the
two energy storage element still a challenge. The primary
request is related to the overall efficiency of the traction system
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in order to reduce the drive and motor losses and temperature
[4]. The second is linked to the effective usage of the SCs,
given their complementarity to the energy battery pack [7]. In
urban driving cycle where a high number of stop-and-go
operations occur, the SCs characteristics is fundamental to
reduce the stresses in batteries current and increase the life
cycle of this primary energy sources in EVs [§].

The aim of this paper is to extend the previous work [9, 10]
based on energy management system (EMS) for fully-
decoupled topology to a simpler and reduced cost
configuration: semi-decoupled hybrid topology. The EVs using
batteries and SCs is studied, developing a functional model
supported by Energetic Macroscopic Representation (EMR).
The inner control layer is deduced based on the maximum
control structure using the inversion-rules of EMR approach.
Thereafter, the EMS is developed on the first control layer in
order to take into consideration the system dynamics,
addressing the two fundamentals problems of the vehicle
management: energy and power. The requirement to control an
energy storage system with two different storage systems and
only one DC-DC converter leads to the use of an improved
EMS and Model Predictive Control (MPC) fulfill these
requirements [11]. The proposed approach considers the
diverse specifications of the system using a set of constrains
and includes some king of future power demand prediction.
The final part of this paper introduce the development of an
energy strategy based on a MPC with non-uniform sampling
times.

The remainder of this paper is organized as follows.
Section II depicts a description of the powertrain system.
Section I1II is devoted to the EMR modelling and inner control
layer development. Section IV focuses on the MPC with non-
uniform sampling times applied to EMS definition. Section V
provides the simulation results. In the final section, some
conclusions and final remarks are draw.

II.  POWERTRAIN SYSTEM

The studied topology is aimed to be implemented on an
urban small dimension EV, based on a second generation of a
SMART vehicle (see Fig. 1), and converted into electric
propulsion vehicle by ATEUS (A4ssociation des Transports
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Electriques de ['Université de Sherbrooke) under e-VUE
project. The original version of this EV is powered using a Li-
ion battery pack (7.68 kWh) and propelled by a rear-mounted
Permanent Magnet Synchronous Motor (PMSM) of 30 kW,
5500 rpm.

Fig. 1. ATEUS electric vehicle prototype

Table I presents the principal characteristics of the ATEUS
prototype.

TABLE L. ELECTRIC VEHICLE SPECIFICATIONS

Variable Symbol Value Units
Vehicle mass (without battery and SCs packs) m 795 kg
Rolling resistance force Uy 0.02 -
Gravity acceleration g 9.81 m/s”
Air density @ 20°C p 1.223 kg.m®
Aerodynamic drag coefficient (with driver) Cp 0.35 -
Vehicle front area Af 24 m’
Wheels radius r 0.38 m
Gearbox transmission ratio Gy 3(3:1) -
Gearbox transmission efficiency Ngb 92 %

The semi-active topology to couple a SCs pack is proposed
to increase the dynamic performance of the EV prototype. The
SCs pack is connected to the common DC Bus that connects
the battery pack to the motor drive. A DC-DC converter is used
to control the current flow of the SCs to or from the DC Bus.
This topology is under study to improve the first version of the
e-VUE prototype. Some challenges are related to the inner
control layer of this topology, namely, the diminution of hard
DC Bus voltage fluctuations in order to reduce the motor and
drive losses [4]. When the battery pack is directly coupled to
the motor inverter the voltage variation is directly linked to the
battery current discharge. With the addition of the second
energy storage element with a DC-DC converter, the inner
control layer and the EMS have, as a first objective, to stabilize
the voltage at the inverter terminals. The proposed powertrain
architecture is presented in Fig. 2.

For the proposed study, the battery pack is characterized by
LiFePO4 cells, 3.2 V and 14.5 A@1C. The SCs pack based on
a 250 F module (16.2 V) is used to reduces the current stress in
the batteries and improve the EV dynamics. Table II present
the main characteristics used to model the energy storage
system.
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Fig. 2. Power train architecture

TABLE II. CHARACTERISTICS OF THE ENERGY STORAGE SYSTEM

Variable Symbol Value Units
Battery (3.2 V EiG LiFeP0O4 cell)
Battery pack Power ) [-12,95] kW
Battery pack SoC Limits S0Cg,: [02,1] -
Min. cell open-circuit voltage y oL min 2.4 A%
Cell no-load voltage drop Opar 1.0 \Y%
Max. cell open-circuit voltage y L max 3.4 A%
Cell internal resistance Reen 5 mQ
Number of batteries in series Nen 96 -
Num. of battery’s bank in parallel Neent 2 -
Battery mass M o 0.4 kg
Supercapacitors (MAXWELL BMOD0250 modules)
SC module Capacitance Capscs 250 F
SC pack Power Py [-96,96 ] kW
SC pack SoC Limits So0Cgcs [05,1] -
Min. SC open-circuit voltage yogmin 0 \%
SC no-load voltage drop Oscs 16.2 \%
SC pack operation range V%, [64.8,129.6] Vv
SCs module internal resistance Rs¢s 4.1 me
Number of SC’s module in series Ngcs 8 -
Num. of SC’s module in parallel Ngcs 2 -
SC Mass Mg 4.45 kg

III. EMR MODELLING APPROACH

EMR is a graphical description that highlights the energy
properties of components within a system in order to develop
control schemes [9, 10] (see Appendix for the pictograms).
Only the physical causality (i.e. integral causality) is
considered. Moreover, all elements are connected according to
the interaction principle: the product of the action and the
reaction variables yields the power exchanged. The overall
EMR model is presented in Fig. 3, including all the mechanical
and electrical components models.

A. Energy Storage Elements

Batteries and SC are the energy sources (green oval
pictograms). In the EMR approach, the source imposes the
voltage v;(t) in the system, which responds with the current
ij(t) (j € {Bat; SC,}). For energy analysis, a simple energetic
model could be used, as presented in (1).



Fig. 3. EMR and maximum control structure for the studied EV

where the State-of-Charge (SoC;) and the charge evolution Q;
are linked by:

Q;(t—at) — [ (1) - dt
Q!

So;(t) = @

with VjOC_min is the minimum open-circuit voltage; &; is the
no-load voltage drop; and R; is the internal resistance of the
energy storage element.

B. DC-DC Converter

The inductor is modelled as an accumulation element
(orange crossed rectangle) that impose the current as a state
variable (output) from different input voltages (3). Lg-s and
Ry, are the inductance and resistance of the this inductor.

dig,
SCs dt

s .
= Vscs = Ven_scs — Riges * Iscs 3)

The DC/DC converter is a mono-physical conversion
element (orange square). This device is typified using a
modulation ratio mg¢s that connect the voltages and currents
from both sides (4), where n¢ony i the DC-DC converter
efficiency.

{Uch,sc's = Mscs * Vpc_Bus

y _ . B
Uscs = Mscs * Lses * Neonw
4)

=1, for P, >0
macs € {0,1} and {ﬁﬁz il oo 20

C. DC Bus

The common DC Bus couples the batteries, the SCs DC-
DC converter and the traction system (inverter and motor). The
common voltage Vpc,,. is represented by a distribution

element (orange double square), with the following currents
and voltages relations:

. . .

lpat = it — lsc

{ Va =V, ’ ©)
DCpus — VBat

D. Motor, Inverter and Mechanical Transmission System

The global model of the traction system was developed
using a generic model of the electric machine and its inverter.
To study the energy management problem, a static model is
used [10]. This model takes into account the inverter, PMSM
and its control for a low fluctuation DC Bus voltage and
nominal temperature. The PMSM is directly controlled by a
reference torque and the current is modeled by:

Tom =T,
em — femr 5 { p=1forT,, =0 ©)
foad = T";“T"Cl"m B =—1,forT,, <0

where 71,,, is the efficiency of the PMSM as a function of the
torque and speed variation, as presented in Fig. 4.

The PMSM torque T, is applied directly on the gearbox
and the traction wheels, resulting in the rotor rotation speed £,
and the traction force F,. The used EMR approach uses an
integrated model for the gearbox and wheels, represented by a
mono-physical conversion element (orange square).

_ Ggv B
F = %Temr/gb { B=1,forP,.=0

Q, = %VEV B =—1,for B,.. <0

(7

where G, is the fixed gear ratio, 14, its efficiency, and r the
wheel radius. The slip phenomenon of the wheels is
disregarded and all inertias are mixed with the vehicle mass.
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Fig. 4. EMRAX 228 efficiency map [12]

The kinetic energy accumulation on the chassis is modeled
by an accumulation element (orange crossed rectangle),
obtening the vehicle speed vg, as the state variable of this
accumulation element, derived from the total traction force Fi,
and the traction force resistance, F,,;,:

d
MeqavEV =Fo — Fonp (®)

where M, is the equivalent mass of the vehicle, considering

the tare weight, energy sources, passengers and minor inertia

effects (wheels, shafts, etc.).

Finally, the action of the environment on the vehicle is
modeled as a mechanical source yields the traction force
resistance F,,,, mainly composed of drag, friction and slope
components, as presented in (9).

1
Fonp = Uy Meq g+ Ep Af Cdvév + Meq g sin(@) ©)

E. Inner Control layer

Using the EMR of the studied powertrain system, the
control scheme can be directly deduced from the inversion of
the EMR blocs [7, 9, 10], as presented in Fig. 3.

The primary objective is that the EV prototype follows the
vehicle reference (standard driving cycle). For this a reference
for the PMSM torque should be computed as a function of the
vehicle speed vgy,. The vehicle speed, vgy, is compared to the
imposed speed reference in order to determine the traction
force reference as presented in (10), using a speed controller

Cs(0).

Fpr = (VEVr - VEV)CS ) + Fony (10)

Thereafter, the reference torque to apply on the PMSM,
Tem 1, is derived from the inversion of (6) given (11):

r

Temr = G
gb

Fr v (11)

The second objective is the control of the SCs current. For
that, the tuning variables mgc, to operate the DC-DC converter
in order to indirectly perform a short variation on the vp,,

using the causality principle. The SCs inductor current is the
state variable in this control loop. Then, a current controller is
required to invert (3) and to define the reference voltage
Ven scsr from Igcs  exploiting the SCs voltage (vgcs) as
compensation for the current controller, C; . (t), defined by
(12):

Veh_scs.r = Vscs — (iSCs_r - iSCs)CISCS ®) (12)

For (12), the SCs current reference, iscs r, is deduced using
the contribution of the battery to the total traction system
current (i), and reduced to the low side of the DC-DC
converter:

. vDC?Bus . .
lscsr = » (i — lBatr) (13)
SCs

The reference of battery pack current, igq, , is given by
upper control layer, that defines the energy strategy options
implemented at the vehicle EMS.

IV. ENERGY MANAGEMENT SYSTEM

The fundamental objective of the developed EMS is never
overloading the battery pack while keeping the DC Bus voltage
into a close range near to its nominal value. For this, the used
strategy should be regulate the available energy in the SCs
(SCs SoC) in order to assist the batteries in the feeding process
of the power demand. An effective management of the energy
and power is required based on a long-term planning. For that
purpose, the MPC is in charge of the long term horizon
forecast and in order to regulate the SCs SoC to be fully
prepared to help the energy storage system to have faster
dynamics and reduce the stress on the batteries.

At a higher level, the decision about the charging or
discharging the SCs should be taken to regulate the energy
level to an accurate level for the next operation power requests.
To give the SCs current reference in addition to the global
current, a fast alternating directions method of multipliers
(ADMM) based MPC supervisor is developed to solve the
optimization problem depicted in the following [13]-[15]:

Minimize:
Wi (P = Pgar = Pscs)?
+w5 (APgqr)?
Zk: +(S0Cscs — SoCLe) (14
+(S0Czq; — S0CIT)
Subject to:

Pgat (t) i AT(k)

SOCBat(k + 1) = SOCBat(k) - Emax (15)
Bat
Pgcs(t) - AT (k)
S0Cses(k + 1) = SoCges (k) — S“W (16)
SCs
SoCHM < S0Cscs(k) < SoCm* (17)
SoCTUM < S0Cpa (k) < SoCHa* (18)
PIE" < Pes (k) < PEEX (19)



PRl < Ppar (k) < PELE (20)
Non-uniformly distributed sampling time over prediction
horizon is used to couple the short and long term predictions

for allowing better required energy reserve estimation.

In the implemented MPC algorithm, the approach is linear
with non-uniformly distributed sampling time and use a box
constraints on inputs and outputs of the system (15)-(20). The
limits of the SoCg., are set to 95% (for its maximum) and 50%
(for its minimum). Regarding the sampling time (ST'), we used
a distribution based on:

(STmax _ STmin)
1+ e—index/lo

@n

ST = ST™" +

with ST™™ set to 0.3 s, ST™® set to 20s, and index is a
vector of integers. The total prediction horizon is 20 samplings.

The proposed approach allows the coupling between fast
dynamics of the SCs and batteries, SoC management and
energy flows optimization. The optimization problem is solved
by interior point method iteratively and allows real-time
evaluation on intel core i7 1.7 GHz processor.

The energy management approach is established with long-
and short-term decision and coupled to the inner control loop.

V. FIRST SIMULATION RESULTS

The simulation is developed on a Matlab/Simulink™
environment, using a PI controller for the current and EV speed
controller. The driving cycle used for this test was VWU-
CITY, using as reference the double of the normalized speed.
The initial SCs SoC was set to 90%. The battery and SCs
measured currents following the currents and the EV speed

reach the suggested dynamics by the standard driving cycle
references, as presented in Fig. 5. The results show the
reliability of the controllers.

Analyzing the power demands at the batteries and SCs, a
large part of the higher frequencies of the power demand were
transferred to the SCs pack and the batteries never feed more
than its nominal power at 1C. These results demonstrate that
the strategy and decision taking at the EMS level is well tuned
and accurate for the urban driving profile.

VI. CONCLUSIONS

A model based on EMR approach of an EV was developed
and fully simulated using EMR approach. The presented
simulations results validate the inner control layer and the
proposed energy management strategy based on an original
configuration of MPC with non-uniform sampling times. Using
a specific case study of semi-decoupled hybrid topology to
combine batteries and SCs in EV application, the proposed
scheme could be evaluated to show its effectiveness in
reducing the stress on the battery pack (hence its temperature)
and the overall powertrain efficiency, as well as the
applicability of MPC with non-uniform sampling times to fast
dynamics problems.

This procedure is inserted into a more global approach in
order to accelerate testing and validation time. The following
steps will be based on extend the study with a reduced-scale
prototype in a laboratory controlled environment before real-
scale prototype implementation.

APPENDIX
Table III shows a summary of the EMR.
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Fig. 5. Simulation results of the e-VUE prototype using a semi-decoupled hybrid topology with a SCs pack.



TABLE III. SUMMARY OF ENERGETIC MACROSCOPIC REPRESENTATION PICTOGRAMS

. ! 1| Indirect
@ Source element Accumulation < || inversion
(energy source) Z clement <_N (closed-oop
¢ D N
<+—/ |&—— | (energy storage) contral)
— — . Direct inversion
Mono-physical
) ' <—| (open-loop
conversion element
1 control)
@) Sensor Mono-physical Couplin,
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______ Mandatory coupling element inversion
Optional pund (energy distribution) (energy criteria)
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