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Abstract—A bidirectional DC-DC converter is employed to 
control the power of the secondary storage element according to 
the references set by the energy management system in a semi-
active hybrid topology for an urban electric vehicle. This study 
proposes an improved DC-DC converter to connect 
supercapacitors to the main DC bus. The DC-DC converter 
controller is oriented by references provided by an online 
management algorithm. The feeding system model including its 
inner control layer is addressed to introduce the energy strategy 
system, considering an improved three-level DC-DC converter. 
Decisions at the energy management strategy level are supported 
by a fast meta-heuristic approach. Simulations using Matlab-
SimulinkTM are provided to demonstrate the performance of the 
selected topology in order to keep the batteries and 
supercapacitors within physical limits on the driving cycle. 

Keywords—Electric Vehicles, Three-level DC-DC Converter, 
Linear control, Energy Management Strategy, Batteries, 
Supercapacitors. 

I. INTRODUCTION  
Electro-mobility introduces new challenges for vehicle 

manufacturers; the number of mechanical components is 
reduced but the Electric Vehicle (EV) overall complexity is 
increased. Research is underway on new feeding topologies to 
reach higher range, climbing and acceleration capability, and 
energy efficiency. 

Therefore, hybrid topologies of energy storage systems, 
including batteries and supercapacitors (SCs), should be 
appropriately combined aimed at improving performance [1]. 
SCs-assisted EVs are an attractive alternative to battery-only 
EVs with high specific power batteries. The objective is to 
combine characteristics of high specific energy (e.g. energy 
battery cells) and high specific power (e.g. SCs) storage 
elements in feeding unified power supply system. Different 
topologies, in which SCs are either actively, semi-actively or 
passively controlled have been proposed with increasing 
complexity and performance [2]-[4]. The automotive industry 
has paid an increasing attention to the semi-active topology, 
presented in Fig. 1, which couples batteries and SCs while 
using only one DC/DC converter [5]. In this topology, a battery 
pack is directly connected to the DC bus and serves essentially 
as an energy buffer. The SCs pack is linked to the DC bus by 
the DC-DC converter. 

 
Fig. 1. Powertrain architecture with semi-active topology. 

SCs provide the advantage of supplying higher power 
peaks for short time, which can be used for the vehicle 
accelerations. The result is higher vehicle dynamics and lower 
losses during the power peaks. The conventional approach for 
such improved dynamic is accomplished by manipulating the 
SCs DC-DC converter to control the DC bus voltage with a 
more regulated inverter voltage. As the bidirectional DC-DC 
converter is the only controllable unit in the supply system, its 
selection is of critical importance since it greatly affects the 
overall system efficiency and it should adjust the 
characteristics of the SCs to the powertrain architecture. 

Past studies have proposed and evaluated various types of 
bidirectional DC-DC converters for EVs applications, 
including efficiency comparisons, assessed for particular power 
levels with fixed input/output parameters [6]-[10]. However, an 
effective efficiency evaluation of converters for EVs should 
include the power variations, voltage and current ranges of 
both batteries and SCs while driving the road cycle. Recently, 
some studies proposed using three-level converters [11]-[13] as 
bidirectional DC-DC converters to improved EV performance. 
Using the conclusions of these research works, this paper 
introduces the three-level converter in combination with the 
design and implementation of an advanced Energy 
Management System (EMS) to improve the efficiency of the 
overall power architecture of a specific EV. An EV using 
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batteries and SCs is studied. Their functional models are 
developed and an inner control layer is proposed as lower level 
of an EMS design. The management algorithm appears on the 
first control layer in order to take into consideration the system 
dynamics and the State of the Charge (SoC) of the storage 
elements, addressing the two fundamentals problems of the 
vehicle management: energy (Long-term planning) and power 
(Short-term planning) issues, using a fast meta-heuristic 
optimization technique [14]. The proposed approach considers 
the diverse specifications of the system using a set of 
constraints. An online algorithm is proposed with a real-time 
processor without a priori knowledge of the driving cycle 
profile. 

This paper is organized as follows. In Section II, a 
description of the powertrain system is given. The model and 
the development of the inner control layer of the three-level 
DC-DC converter is presented in Section III. The energy 
management algorithm based on a hybrid meta-heuristic 
approach is presented in Section IV. The main results of the e-
VUE prototype on a standard driving cycle are given in Section 
V. Finally, some conclusions area drawn in Section VI. 

II. ELECTRIC VEHICLE PROTOTYPE DESCRIPTION 
The original version of the EV prototype under study 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. The prototype is based on a 
second generation of a SMART vehicle as results of a full-
electric propulsion vehicle conversion made by ATEUS 
(Association des Transports Électriques de l’Université de 
Sherbrooke) under the e-VUE project and shown in Fig. 2. 
Table I presents the vehicle main characteristics. The 
performance of the e-VUE prototype will be evaluated to 
derive an improved semi-active topology to couple a SCs pack 
using a three-level DC-DC converter. The proposed powertrain 
scheme is the same as in Fig. 1, with a three-level DC-DC 
converter. The battery pack is directly connected to the DC bus 
motor drive while the SCs pack is connected to this DC bus 
using a three-level converter [11].  

The bidirectional DC-DC converter is used to control the 
current flow of the SCs to or from the DC bus motor drive. 
Some challenges are related to the selection of the suitable 
components for the implementation of the three-level 
converter. At this moment, a first simulation phase is under 
evaluation for the full-scale prototype study. 

 
Fig. 2. ATEUS electric vehicle prototype 

TABLE I.  ELECTRIC VEHICLE SPECIFICATIONS 
Variable Symbol Value Units

Vehicle mass (without battery and SCs packs) ݉ 795 kg 
Rolling resistance force ߤ௥௥ 0.02 - 
Gravity acceleration ݃ 9.81 m/s2 
Air density @ 20ºC 1.223 ߩ kg.m-3

Aerodynamic drag coefficient (with driver) ܥ஽ 0.35 - 
Vehicle front area ܣ௙ 2.4 m2 
Wheels radius 0.38 ݎ m 
Gearbox transmission ratio ܩ௚௕ 3 (3:1) - 
Gearbox transmission efficiency ߟ௚௕ 92 % 

 

As in this configuration, the battery pack is directly coupled 
to the DC bus motor drive, the voltage variation is directly 
linked to the battery current discharge. Thus, the SCs and its 
DC-DC converter should stabilize the DC bus voltage at the 
motor drive terminals, through the injection or storage of 
current to the SCs pack. 

The original supply system is based on a battery pack 
composed by LiFePO4 cells, 3.2 V and 14.5 A@1C. To 
implement the SCs pack, the use of 250 F modules (16.2 V) is 
considered to reduce the current stress of the batteries and 
fundamentally improve the EV dynamics. The characteristics 
of the energy storage elements used to perform this study are 
presented in Table II. 

TABLE II.  CHARACTERISTICS OF THE ENERGY STORAGE SYSTEM 
Variable Symbol Value Units

Battery (3.2 V EiG LiFePO4 cell) 
Battery pack Power [ 9.5 ,1.2 - ] ࢚ࢇ࡮ࡼ kW 

Battery pack SoC Limits [ 1 ,0.2 ] ࢚ࢇ࡮࡯࢕ࡿ - 
Min. cell open-circuit voltage 2.4 ࢔࢏࢓_࡯ࡻ࢚ࢇ࡮ࢂ V 

Cell no-load voltage drop 1.0 ࢚ࢇ࢈ࢾ V 
Max. cell open-circuit voltage 3.4 ࢞ࢇ࢓_࡯ࡻ࢚ࢇ࢈ࢂ V 

Cell internal resistance 5 ࢒࢒ࢋࢉࡾ mΩ 
Number of batteries in series 96 ࢒࢒ࢋࢉࡺ - 

Num. of battery’s bank in parallel 2 ࢒࢒ࢋࢉ࢔ - 
Battery mass 0.4 ࢒࢒ࢋࢉࡹ kg 

Supercapacitors (MAXWELL BMOD0250 modules) 
SC module Capacitance 250 ࢙࡯ࡿ࢖ࢇ࡯ F 

SC pack Power [ 96 ,96 -] ࢙࡯ࡿࡼ kW 
SC pack SoC Limits [ 1 ,0.5 ] ࢙࡯ࡿ࡯࢕ࡿ - 

Min. SC open-circuit voltage 0 ࢔࢏࢓_࡯ࡻ࢙࡯ࡿࢂ V 
SC no-load voltage drop 16.2 ࢙࡯ࡿࢾ V 
SC pack operation range ࡯ࡻ࢙࡯ࡿࢂ  [ 64.8, 129.6 ] V 

SCs module internal resistance 4.1 ࢙࡯ࡿࡾ mΩ 
Number of SC’s module in series 8 ࢙࡯ࡿࡺ - 
Num. of SC’s module in parallel 2 ࢙࡯ࡿ࢔ - 

SC Mass 4.45 ࢙࡯ࡿࡹ kg 

III. DC-DC CONVERTER TOPOLOGY 
Projects involving DC-DC boost converters are generally 

based on two-level single-phase converters. Changes in this 
topology are mostly focused on interleaved techniques [11] 
that only solve the problem of high current and do not 
optimize the size of inductors and capacitors, the heavier and 
more expensive devices in a high power DC-DC converter.  

To reduce the size of those passive components the best 
option has been to use the highest switching frequency that the 
switching devices (e.g. IGBTs) could handle. However, if we 
can divide the step-up voltage in a three-level converter 
instead of the common two, then we can obtain results that 
effectively match with doubling the frequency of the 
switching devices. This also brings advantages to voltage 
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Fig. 3. Simulation model of the three-level converter. 
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Fig. 5. Control layer implemented for the three-level converter 

As the controller should output a very close ݀1 and ݀2 
signals, the current controller output mainly sets the duty cycle 
values. The small difference between ݀1 and ݀2 (∆݀) is the 
output of the balancing controller. The ∆݀ signal is the same 
as the direction of the current ܫௌ஼ . 

To be able to simulate the controller closer to the reality, 
white noise is included in all the sensors signals and 
everything is considered in discrete time with the same rate as 
a microprocessor would handle. 

As the EMS is updated in a smaller time base than the 
controller, ௕ܲ௔௧௥௘௙  should hold until a different value results from 
the EMS, while the SCs follow all the load changes. Based on 
the total power demanded by the vehicle, ௗܲ௘௠ , and the 
storage elements’ SoC, the SC power references, ௌܲ஼௥௘௙ , is 
given by: 

ௌܲ஼௥௘௙ ൌ ௗܲ௘௠ െ ௕ܲ௔௧௥௘௙ (4)

After, the current reference of the SC, ܫௌ஼௥௘௙  is computed 
using: ܫௌ஼௥௘௙ ൌ ௌܲ஼௥௘௙

ௌܸ஼  (5)

Basically, the proposed approach coordinates a three-level 
DC-DC converters controller (Control Layer) by the 
combination a rule-based control strategy oriented by an 
operation mode dependence (Long-term Planning) using an 
optimization strategy as decision maker (Short-term Planning). 
Fig. 6 shows the EMS architecture. 

 

IV. ENERGY MANAGEMENT PROBLEM 
The main objective of an EMS in this type of vehicle is to 

improve the maximum power of the system without 
overloading the batteries while keeping the SCs SoC at a 
certain level. To improve the batteries’ lifetime, lower 
fluctuations of batteries' power are welcome. The SCs SoC 
needs to be enough to deal with the power fluctuations and 
absorb all the regenerative braking. 

In this work, the energy management problem is solved 
online without knowledge of the driving cycle and the SCs are 
recharged using the batteries when required. The formulation 

of the energy management problem in EVs with multiple 
sources is fundamentally based on three essential objectives: 
Long-Term Planning (energy management), responsible for 
the definition of an overall management strategy; Short-Term 
Planning (power management), whose main function is to 
define a plan of action that will produce the reference signals 
for the controller; and the Control Layer, which has been 
discussed in the previous section. A diagram of this real-time 
system is displayed in Fig. 6. 

 

 
Fig. 6 Division of tasks of the EMS architecture 

A. Long-term Planning 
The global strategy of this layer is to create the bounds for 

the power requested to SCs and batteries at every step of ௗܲ௘௠. The main advantage of using rules to define the strategy 
is the simplicity of the implementation, requiring very low 
processing capabilities [15]. The design of these rules takes 
into account the storage elements’ sizing and capacities, then 
being specific for this EV and previously adjusted using the 
methodology proposed in [16]. This layer is updated 
periodically at a rate of 1s, in a “dynamic rule restriction” 
process. 

The set of rules determines the lower bounds ܤܮ௝  and 
upper bounds ܷܤ௝  for every ܥ௝ in each source ݆ [16]. To have 
a more realistic set of rules, ௗܲ௘௠  is classified according to 
basic vehicle operation: regenerative braking, standing, 
cruising or hard acceleration. 
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Fig. 8. Simulation results of the e-VUE prototype using 
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