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Abstract. The increasing level of complexity of energy systems drives re-
searchers to focus their studies on energy optimization, by using modelling
and simulation methods capable to represent the real system behavior. In
this study, a functional energetic modeling method is used to design a control
architecture for energy flow management, which relies on local control
loops, a decision manager (DM) and basic equations. When the functional
level of representation is used to model a complex system, the evaluation of
model accuracy (from an energetic point of view) and the validation of en-
ergy management algorithms are eased by fast simulations due to low model
complexity. While the functional model allows a first-stage validation of en-
ergy distribution within the system, the energy management algorithms
need to be tested using a more accurate model, which is the multi-physical
model of the system. The multi-physical model has its own local controllers
and a global resource manager (GRM) to handle the power split between
different components. The second-stage validation can be completed by
adapting the functional model in order to design the high-level controller,
the GRM, at multi-physical level. To develop the control architecture of the
multi-physical model based on the functional model, two steps are required:
i) adjust the parametrization of functional elements and ii) propose a method
to interconnect the models at both levels of representation (functional/ multi-
physical level). Thus, an example of a hybrid electric vehicle (HEV) is con-
sidered for functional elements modelling and parametrization. In addition,
the GRM design is presented and simulation results of the HEV system at
multi-physical level are illustrated to validate the system architecture and
component sizing, and to evaluate the fuel consumption compared with HEV
design specifications.

Keywords: control design, energy management, complex systems, modeling,
integrated design, systems modeling, interconnected systems, system-level de-
sign, system verification, automotive engineering, system architecture.



1 Introduction

It is important to cite economic and ecological framework that drags industry and re-
search towards an innovative energy management involving an association of energy
technologies, optimal control laws and refined components. Technological advance-
ments on components technology, component-to-component communication and data
acquisition methods make systems more intelligent, but also more complex. The high
complexity of energy systems renders the control design and energy optimization more
difficult, which enforces the research on system engineering. The most important chal-
lenges on this topic can be summarized as follows:

e Choosing the system architecture;

Setting and sizing the system components;

Optimizing the flow between multi-sources and multi-consumers;
Designing a control system architecture.

To handle these challenges, research focused on developing modeling formalisms
and simulation tools that allow obtaining the following results:

¢ A global and interactive approach to improve systematic innovation;

¢ A methodology for architecture evaluation and system verification from the early
stages of the system life cycle;

e A system representation from multiple points of view to define and analyze the main
objectives;

o Definition of a control system.

A solution to improve the time to market is to represent a complex system at a higher
level of abstraction, which will ease its global understanding within a structured envi-
ronment. In the literature, this type of representation is associated with systemic theory
[5]. Usually, physical models of complex systems have been represented and analyzed
using Bond Graph modeling and multi-domain simulation [1]. However, another inter-
esting approach is the functional modeling [6,7,10] that is based on the following prin-
ciple: a system can be defined by basic elements, modelled with an adequate level of
complexity, which faithfully describe the system behavior.

By construction, Model Based System Engineering (MBSE) allows to specify and
design systems at different levels of abstraction and to specify their elements and the
links between them. These links are: components and information, requirements, archi-
tecture (functional, multi-physical or otherwise), use cases and validation tests [4].

In [4] and [6], three levels of modeling are introduced as:

1. Teleological modeling: define a system of missions (set of services to be realized
by the system) and the purpose of the system in its environment.

2. Functional modeling: define the main functions of the system of missions and the
associated architecture.

3. Multi-physical modeling: model the components of the system and the equipment
provided by suppliers.
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Fig. 1. Multi-level integrated design and simulation [4].

Fig. 1 illustrates the modeling steps for each system representation at a different level
of abstraction. The development starts with requirements formulation. Once the re-
quirements are fixed, the parameters (P) and objectives (O) are defined in order to ob-
tain a simulation model and its associated controller. The resulting control system is
evaluated in simulation using validation criteria. If the criteria are satisfied then the
parameters of higher levels of modeling will define the requirements of lower levels of
modeling. Otherwise, necessary modifications are made in the design process. This
mechanism helps to pass on objectives or parameters between different representations
of the system. Besides, it can allow a higher modeling level to become the controller of
a lower modeling level [4].

At functional level of abstraction, the system behavior is represented from an ener-
getic point of view, using simple equations to reduce the amount of time needed to
complete a simulation. The functional modeling methodology and its semantics [2,3,
6] are based on FUs (Functional Units), also referred as OFS (Organico-Functional
Sets). In Fig. 2, the representation of a functional model is given. Each element “X”
represents a functional unit while D elements are used for energy distribution [6].

>
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Fig. 2. Functional modeling representation [11].

However, at multi-physical level, the system can be represented as a composition of
controlled subsystems [6]. The block diagram of a multi-physical representation is
shown in Fig. 3, where C, I, T and E denote the local controller, input conditioning,



transformer and effector, respectively. The Global Resource Manager (GRM) block
acts like an energy management system for the multi-physical model.

Global Resource
Manager
c C C
HlHTHEHR HIMFHTHEXY HIFTHEHR

Fig. 3. Multi-physical modeling representation [11].

Indeed, in the early stages of the design process, a functional model is preferred to
represent the complex system in order to validate (by fast simulations) the system ar-
chitecture and components sizing, and also to evaluate the performances of local con-
trollers and energy management strategies for different missions using different criteria.
Naturally, the next stage in the system design process is to test the supervision and
control algorithms that have been developed using the functional model, on the multi-
physical model. In Fig. 4, the control architecture is illustrated at functional and multi-
physical levels of abstraction. On the left side of the figure, the system is represented
at functional level, where the energy flow within the system is managed by the super-
vision block DM (Decision Manager) using optimization algorithms. On the right side,
C is a composition of local controllers of the system, and P includes physical subsys-
tems. Therefore, the main difficulty is to obtain the global resource manager (GRM) of
the multi-physical model using information provided by local controllers and decision
manager (DM) of the functional model.

Fig. 4. Control system representation [11].

The problem can be formulated in the following manner: Which input/output of which
physical subsystem should be measured/estimated? How to use these signals to provide
energy transfer information to functional model? After processing this information,
how to transform the computed power reference into a physical reference signal and
transfer it to different types of controllers of physical subsystems?

For a better understanding of these challenges in the context of an energy system, a
hybrid electric vehicle (HEV) is considered as an example of a multi-source/multi-con-
sumer system.



In this work, the issue of interconnecting the functional and multi-physical models
is presented, and a solution is proposed showing how the GRM can be extracted from
the functional representation and be connected to local controllers of the multi-physical
model. In Section 2, the multi-physical and functional modeling methods are briefly
introduced. In addition, it is described how the functional model parametrization can
be translated into a parametrization of a group of components at multi-physical level.
In Section 3, the interconnection procedure between the two modeling levels is dis-
cussed. Section 4 presents both models for a plug-in parallel hybrid vehicle, along with
the multi-physical model obtained as a result of interconnection. Its performances are
tested in simulation for a specific mission. Conclusions and future work are summa-
rized in Section 5.

2 Modeling Method Reminders

This section introduces briefly the multi-physical and functional modeling methods,
which are further applied to model the behavior of a gear motor group at multi-physical
and functional level, respectively.

2.1 Multi-Physical Modeling

Multi-physical modeling aims to represent the technological equipment architecture of
a complex system. Generally, the 0D-1D multi-physical modeling is used in an indus-
trial environment for sizing optimization, control laws design and validation. This
multi-physical model allows representing the complex system as a whole and is used
for simulations, analysis and prediction of system performances.

The multi-physical model is composed by analytical models that provide an accurate
description of the multi-physical behavior of the complex system. The multi-physical
model can be developed under the simulation environment, for example Matlab/Sim-
ulink, using a component-based approach derived from the Bond Graph methodology.
In Bond Graph language, the passage between physical and mathematical models is
done using a block-diagram environment [1]. On the other hand, the simulation tool is
based on a multi-port concept: a unique link is used to represent and simulate all the
interactions between different components. In the multi-physical methodology, this link
is represented by energy transfer. Moreover, every link between physical model com-
ponents consists of a flux variable and an effort variable that depend on the physical
domain. In Fig. 5, some examples are given for different domains. Despite the ad-
vantages of multi-physical modeling (accuracy and intermediate signals availability),
the model design, its simulation and validation are time consuming and require exper-
tise.
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Fig. 5. Multi-physical domains [11].

For these reasons, it is necessary to use a model of a higher level of abstraction, which
does not need the definition of multi-physical elements, in order to easily evaluate the
system in the early stages of the design process.

An example of multi-physical model for a gear motor group is given in Fig. 6(a).
The transformation of electrical flow into mechanical flow is done using a converter
(1), an electrical motor (2), (3) and a gear reducer (4), along with their local controller.
For this example, the physical behavior of each component is represented by a simple
analytical model as follows:

®
Up = Rgig+Lp 2+ E )
Jer® d;fzm =Tem — Tp — Text (3)
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where uy denotes the rotor voltage; uy is the converter supply voltage; t,, and t,f
are the converter on and off time, respectively; Ry, ig, L is the resistance, current and
inductance of the rotor, respectively; E is the electromotive force; J. is the inertia; 6,,
is the motor angular position; 7., is the electromagnetic torque, 7, is the loss torque;

Toxe 1S the motor output torque; a is the gear constant and z,,,,; is the gear output torque.
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Fig. 6. Multi-physical (a) & functional (b) model representations [11].



2.2 Functional Modeling

The concept of functional modeling has been introduced and detailed in [6]. Unlike
multi-physical modeling concept, in this methodology, functional links are employed
to represent flow exchanges within the complex system. In a functional model, the flow
can be either energy, either matter or both, and it is exchanged together with an infor-
mation flow. The exchange of flow is made between five types of elements (source,
storage, distribution, transmission and effector), each of them having source and con-
sumer ports. Source ports receive expressed need from consumer ports and they answer
by supplying the requested need. In addition, consumer ports transmit demands of need
to source ports. This gives the method its modularity. Brief information about basic
elements of functional modeling is given in Table.1. The functional model can be sim-
ulated using, for example, the simulation environment Matlab/Simulink, with a func-
tional modeling library, which contains all these basic elements.

Table 1. Element types of functional energetic modeling and associated functions [6].

Source Storage Transformation Distribution Effector
Energy & Energy & Matter Energy & .
Mgt?g:%)gf;ce Matter Transformation in Matter Dis- %2?:/?(?250
Storage Different Domains tribution

In a functional model, the need computation starts from the effector. For example, the
need of energy for a plug-in hybrid electric vehicle (PHEV) is calculated by electrical
auxiliary element or vehicle dynamics element (both of them effectors of the system).
Then, the energy need is sent to storages or sources via distribution and transformation
elements. Based on information flow, the storages and sources can decide whether they
are able to provide the requested energy or not. Furthermore, distribution elements are
used to manage the energy flow between sources and storages, and to supply the re-
quested energy to effectors as an answer to their need. If a hotel water treatment system
is considered, the need of water consumption is calculated by hotel consumer element
(effector) and the hotel logistics element must supply the required amount of water,
with suitable properties.

Fig. 6(b) illustrates the functional model of a gear motor group, which also represents
an energy transformation element (transformation of electrical energy into mechanical
and thermal energy) but without considering the real physical behavior. The model is
described as below:

Precn =1 * P Fig )

where P,,..,, denotes the mechanical output power, P,; is the electrical input power and
7 is the efficiency. Besides (5), maximum and minimum power limitations, B, and
Pp.in, are specified for the transformation element.

Moreover, functional elements can be represented by static or dynamic models. The
dynamic behavior is taken into account either by an integration for the energy-to-power
transition, either by adding 1%t (or 2"%) order transfer functions of different elements



such as transformations, storages or effectors. Using the functional modelling formal-
ism, the energetic model allows to perform fast simulations for system evaluation (siz-
ing, architecture, requirements management) before choosing the technology, to obtain
the GRM for the multi-physical model and to simulate the system (multi-physical
model having the functional model as energy management system) as a whole.

The next sections describe how the functional model parametrization is derived from
the parametrization of a group of components at multi-physical level. Then, the solution
used to interconnect the functional and multi-physical models is presented, which
comes to design the GRM based on the functional model.

2.3 Functional Model Design and Parametrization based on Multi-Physical
Component Groups

Besides a fast evaluation of system performances from an energetic point of view, the
functional model is essential for the control architecture design at multi-physical level
of abstraction.

As each functional unit of the functional model represents one or multiple compo-
nents of multi-physical model, the functional model design based on an existing multi-
physical model plays a major role in accelerating the system design and validation pro-
cess. However, setting the functional model parameters in the early stages of system
design can be a challenging task. If the functional model is used to model the control
architecture at multi-physical level, it can be used as an energy management control
system. In this case, the parameters of the functional model need to be adapted so that
they can be transferred between multi-physical level and functional level. Nonetheless,
in the design process, before using this model to build a control architecture, the energy
management strategy (i.e. optimization algorithms based on priorities) is validated at
functional level. In addition, this model is used to check the parameters sizing of func-
tional units (functional elements representing functions of component groups with local
controllers at multi-physical level).

If the functional elements sizing and the distribution priorities are established based
on a poor parametrization, the optimality of resource allocation and distribution is lost
and the functional model cannot serve to design the control architecture of the multi-
physical model. Improper parametrization can lead to serious complications at func-
tional and multi-physical level such as exceeding power limitations, wrong resource
allocation, wrong measurements that can make local control-loops instable. This is why
it is necessary to adapt the functional model elements to the multi-physical model.

An example of functional element design and parametrization is illustrated in Sec-
tion 4.

3 Interconnection Between Functional and Multi-Physical
Modeling

Functional modeling defines key-functions (FUs), allocates and refines end-mission re-
quirements to the FUs and defines the energy management system. On the other hand,



multi-physical modeling defines the physical architecture or physical units, allocates
and refines the functional requirements to physical units. To overcome the challenges
associated with the control laws design and energy management within the entire sys-
tem, functional and multi-physical models are interconnected. In this section, the prob-
lems related to the interconnection are presented along with the proposed solution. This
solution is presented for the gear motor group and the electromechanical energy trans-
formation that are introduced as examples in Section 2.

3.1  Problems of Interconnection

As presented in Fig. 4, the functional modeling level includes a control strategy that
will be used by the control system of the multi-physical model. Moreover, this strategy
is independent from technical components, and is defined according to the decision
manager allocated from end-missions model.

In Fig. 7, the representations of control systems and flow exchanges of functional
and multi-physical models are shown for a battery electric vehicle (BEV). Here, the
challenge is to find the adequate language to connect both models.
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Fig. 7. Control system and flow exchanges of functional and multi-physical models [11].

As flux exchanges are different between functional and multi-physical models, the con-
nection cannot be done directly. Since multi-physical model components need physical
domain references and functional model components require a power demand reference
for simulation, connecting the power flow to physical domain flows can be a challeng-
ing task. At this stage, the interesting features of the interconnection can be expressed
as follows:

¢ Functional modeling allows fast control architecture design and fast adaptation to
eventual changes in the system,
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e Multi-physical representation is too complex and time consuming when trials are
accomplished.

3.2 Proposed Solution

A solution to the interconnection problem is to build an interface between the multi-
physical and functional model. As illustrated in Fig. 8, this interface contains passage
equations between physical domain and functional domain. It accomplishes the follow-
ing functions: determine the equivalent physical references required for the multi-phys-
ical model based on the power demand provided by the functional model; measure/es-
timate the power supply that the system is able to deliver using information from the
multi-physical model, and transfer the estimated power supply to the functional model.
For each functional model element, an interface is required in order to calculate/adapt
the necessary values.
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Fig. 8. Functional to multi-physical domain interconnection [11].

If the electromechanical transformation element is considered, the interface between
this element and electrical propulsion group (drive and electric machine in this exam-
ple) uses the following equations:

P
lf/;lc = Tens (6)
Prech = pfnc )

where Pg,. denotes the power demand; w; is estimated/ measured angular speed of
rotor; 7/, is torque demand; P,,.., is calculated mechanical power of the electrical
machine and anc is estimated/measured output power of the motor.

In the next section, an example of PHEV is presented. First of all, model architec-
tures of functional and multi-physical models are given, and secondly, simulation re-
sults using the functional model and the multi-physical model with GRM are discussed.
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4 Application to a Hybrid Vehicle Energy Management System

4.1 Motive

Despite their high performances, economic advantages and maintenance costs, electri-
fied vehicles have been abandoned until last decade. The increasing pollution caused
by conventional vehicles, the decrease in oil reserves and the rising fuel prices triggered
the need for fuel economy and motivated the research on electrified vehicles, especially
on fuel cell and hybrid electric vehicles. Considering that the fuel cell vehicles are cur-
rently in development process, hybrid electric vehicles (HEVs) are assumed as the most
viable solution for the coming years [8]. As the research on HEVs grows bigger, com-
ponent technology is also advancing. Along with this technology advancement, the sys-
tem becomes more complex to control which makes energy management and control
strategies for HEVs to be an important research field.

Inan HEV, and internal combustion engine (ICE) and one or several additional elec-
tric motors (EMs) are used for the vehicle powertrain. The ICE is supplied by fuel while
the EMs are supplied by batteries. These components, usually allowing different possi-
ble interconnections, form a complex and challenging multi-source/multi-consumer
system in terms of optimal control design and energy management. Both objectives of
the design process have to satisfy several vehicle services like fuel consumption or
comfort level. Although there are optimization methods applied on HEVS, they are im-
plemented for a specific architecture of the HEV and they usually require a priori
knowledge of the driving cycle. Thus, the question is how to manage the power split
that globally satisfies the vehicle services whenever the vehicle has a new task [8]
and/or the system architecture is reconfigured.

In this study, a parallel plug-in hybrid electric vehicle (PHEV) is considered due to
the resemblance to a battery electric vehicle that has been highly investigated over the
last few years.

4.2 Functional Model Design and Parametrization for PHEV

The first step in the design of a functional model is to define key functions of the
system without ignoring that every system has at least one source and one effector ele-
ment. If an HEV is considered, the sources are the fuel station and electrical grid, and
the effectors are the vehicle services such as mobility (energy need calculated by vehicle
dynamics) and thermal comfort (energy need calculated by thermal balance equations).
As for the energy storages of the functional model, the battery and the converters form
the electrical storage element and the fuel tank with its pumping system form the fuel
storage element. Transformation elements are defined by regrouping traction compo-
nents, since their functionality is transforming the physical domain. There are three
transformation elements for an HEV system: F2M (fuel to mechanical) energy trans-
formation, M2E (mechanical to electrical) energy transformation and E2M (electrical
to mechanical) energy transformation that represent the energetic functions of the fol-
lowing groups of multi-physical components: {internal combustion engine (ICE) +
gearbox}, {electric generator} and {inverter + electric motor + rectifier}, respectively.
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In the next subsection, the functional elements of an HEV traction component group
are defined and parametrized. More precisely, the design of F2M energy transformation
element is detailed based on the multi-physical FTG (Fuel Traction component Group).

F2M Transformation Element Design

The design starts with the definition of input (1) and output (O) power limitations.
For a transformation element, energy transfer is bidirectional. Thus, the maximum
power of the FTG can be used to define the acceptance of the source port of F2M trans-
formation element (necessary information about source/consumer ports is given in Sec-
tion 2.2). The acceptance defines the maximum power that the F2M element can receive
from another functional element at a given instant. Fig. 9 shows the main components
of aFTG.

In order to set the transformation element parameters, the FTG is considered as a
black-box component for which 1/0 ports have to be defined. As the FTG function is
to transform fuel energy into mechanical energy, 1/O energies are not the same. Thus,
the F2M functional element receives fuel energy on the input port (consumer port) and
provides a mechanical energy on the output port (source port). Therefore, the input port
is connected to the fuel storage element and the delivered mechanical energy is mainly
used for vehicle motion (differential and vehicle wheels at multi-physical level) and is
partially recovered to recharge the battery.

Chath
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Fig. 9. FTG system of a vehicle.

The acceptances from vehicle to F2M and from F2M to fuel storage are parametrized
once the 1/0 ports are defined. As the ICE cannot have regenerative braking like the
electric motor, the acceptance from vehicle to F2M is set to 0. This means that during
deceleration phases the mechanical brakes are activated and F2M is not used as a source
of torque anymore. On the other hand, the acceptance from F2M to fuel storage is cho-
sen as the maximum output power of the FTG, including the overall component effi-
ciency.
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Fig. 10. ICE static characteristics (a) Output mechanical power of ICE, (b) Efficiency of ICE and
(c) Output torque of ICE.

The maximum output power of a FTG can be obtained from the manufacturer. Fig. 10
presents the static characteristics of an ICE. The ICE without gear box has similar char-
acteristics as an electrical machine. If the physical system of FTG regroups the ICE
with a gearbox, the characteristics of the engine is not enough to anticipate the maxi-
mum output power to the vehicle wheels. As all vehicles with FTG have a gearbox with
at least three gear shifts, the efficiency and performance of the FTG change.

An example of maximum output power-speed characteristics of an ICE with its gear-
box is given in Fig.11. The static characteristics depend on the gear shifts values that
change the FTG performances. From these characteristics, the global maximum output
power is derived (represented in Fig. 11 with a dot line). The maximum value of the
overall characteristics yields the maximum output power for the F2M transformation
element. In this example, the maximum output power of FTG is of approximately
62kW. This means that for an ICE output power of 70kW (manufacturer’s value) and
a FTG output power (after the gear box and shaft) of 62kW, the mechanical power
losses are about 8kW.

Still, to determine the acceptance from F2M to fuel storage, the knowledge of the
FTG efficiency is required. Torque values can be calculated for a given speed and out-
put power with the following relation:

Tn Wy = Pout-,1 (8)

where T is the torque, n is the gear ratio number, w is the given angular speed and P,,,;
is the output power of the FTG.
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Torque-speed characteristics for three gear shifts with the associated operating zones
are given in Fig. 12 and the efficiency-torque characteristics of FTG is shown in Fig.
13. These values are obtained by modification of gear ratio with manufacturer’s torque-
speed curve. The local controller of FTG has to keep the system in these operating
zones to maximize the efficiency of the component group. The efficiency value of F2M
transformation element is determined as the average of maximum efficiencies of all

operating zones, which means that the local controller of FTG forces the component
group to operate in these zones (see Fig.12).

Output Power (kW)

P

»e

Speed (rpm)

Fig. 11. FTG output power characteristics with three gear shifts.

Torque (Nm)

Speed (rpm)

Fig. 12. Torque-speed characteristics for three gear shifts with high efficiency operating zones
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Efficiency (%)

Torque (Nm)
Fig. 13. Efficiency — torque static characteristics.
As the local controller of FTG is considered to be working at maximum efficiency at

each point, low efficiency values of low torque operating points are neglected. For this
example, the acceptance of F2M is calculated as follows:

Paccl = Pout1 77% =70 KW- L 280 kW 9)

122 0.25

where P, is the acceptance of input port (consumer port), P,,,., is the output power
of output port (source port) and n,_, is the efficiency from consumer port to source
port. The parametrization of F2M is summarized in Table 2.

Table 2. Final parametrization of F2M.

Parameter Value

Efficiency from input port to output
0.25

port
Efficiency from output port to input 0
port
Acceptance of F2M element to fuel 280 KW
storage
Acceptance to F2M element from vehi- 0
cle

Furthermore, the parametrization of the E2M transformation element can be done in a
similar way. This functional element represents the function of the Electric Traction
Component Group (ETG) that has only one gear ratio. In this case, the global efficiency
takes into account the invertor and the gear efficiencies. Yet, the difference is the ca-
pacity of the E2M element to absorb regenerative breaking energy, which means that
the efficiency and the acceptance from vehicle to E2M element have to be determined.

With the right parametrization of functional model elements, the resource allocation
and optimization algorithm are validated and ready to be used for further simulations.
Hence, the functional model can be adapted to design the supervision system (GRM)
of the multi-physical model. Section 4 details the design of the control architecture at
multi-physical level.
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4.3  Control Architecture

The functional model of the parallel plug-in hybrid vehicle has been developed in [6].
The developed model, shown in Fig.14, is used to compute the power split between the
multiple sources of the system, for different configurations and missions of the vehicle.
Moreover, it allows to evaluate the fuel consumption, maximum speed, maximum ac-
celeration and regenerative braking power [6].

R

Fig. 14. Functional model of PHEV [6].

Thereafter, the next step in the design process is to use the information provided by the
functional model (i.e. power signals for each source) for control design of a more com-
plex multi-physical model. To this purpose, the power signals are transformed into
physical reference signals using a unique interconnection element, which is added to
each element of the functional model to adjust the flow nature, as shown in Fig. 15.
Using this link, the functional and multi-physical models are able to exchange nec-
essary values of power or physical references, as well as measured/estimated values.

M2E . 2

. frmsfomguon
hy2
—(PnyzFet  Fotzeny| ~Tq
- Tq Mes_Alt - Interfac

interface_M2E

Fig. 15. Functional model of M2E transformation element with its connection element [11].
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The multi-physical model of the system is given in Fig. 16, where each component is a
system itself. For example, Fig. 17 illustrates the representation of the electric machine
subsystem.

As it can be noticed, the system architectures are similar in both functional and multi-
physical models. Thus, if there is any change at multi-physical level, the functional
model has to be adapted respectively.

Fig. 17. Electric machine component group [11].

4.4  Simulation Results

The simulations are run under the following assumption: the vehicle always moves for-
ward. The model parameters are consistent with those of a PHEV available on the mar-
ket. Table 3 provides the technical characteristics of the vehicle.
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Table 3. Technical characteristics of PHEV.

Technical Characteristics Value
Fuel tank max. volume 451
ICE max. output power 70 KW @ 5000 rpm
ICE max. output torque 140 Nm @ 4500 rpm

Battery voltage 210V
Battery capacity 50 Ah

EM max. output power 60 kW
EM max. output torque 200 Nm
Combined max. output power 100 kW
Vehicle curb mass 1500 kg

Vehicle SCx (Aerodynamic drag coeff.) 0.63
Vehicle wheel radius 0.635 m

To be able to compare the simulation results with the manufacturers’ brochure, the ve-
hicle performance indicators are determined and their values are given in Table 4.

Table 4. Performance indicators of PHEV.

Performance Data Value
Combined consumption (WLTC) 3.2 1/100 km
Electric drive range 25 km
Vehicle max. speed 180 km/h
Vehicle max. speed in e-drive mode 85 km/h
Vehicle max. acceleration (0-100km/h) 1145

First of all, the functional model with its DM is simulated using the WLTC (Worldwide
harmonized Light Vehicles Test Cycle) that yields the vehicle speed and the power
demand illustrated in Fig. 18(a), (b). In addition, the DM uses a ruled-based energy
management strategy based on priorities, which is implemented in the distribution ele-
ment of the functional model. In this example, the functional model has three main
distribution elements that are detailed in Table 5 with their priorities.

Table 5. Distribution element priorities.

Priority No Distribution 1 Distribution 2 Distribution 3
1 Drive Electrical Aux. Electric Drive
2 Battery Charge Drive Fuel Drive
3 N/A N/A Brake System

Distribution element 1 transmits mechanical energy supply from fuel to mechanical
transformation element to drive or mechanical to electrical transformation elements.
Distribution element 2 transmits electrical storage energy supply to electrical auxiliary
or drive. Distribution element 3 transmits the energy need of vehicle dynamics to elec-
tric drive supply element or to fuel drive supply element or to the brake system.
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The obtained results are also shown in Fig. 18. The vehicle speed and power achieve
the desired profiles and meet the requirements of the WLTC. The regenerative braking
can be observed between 1600s and 1800s in the Fig. 18 (c), (d). The vehicle speed on
electric drive is limited to 85 km/h and the electrical storage/battery SOC (state of
charge) is limited to %20; beyond these values, the electric drive is abandoned and
electrical energy is consumed just by electrical auxiliaries.

g —Specd Profile |
100 | = Vahicla Spead

Vehicle Speed (kmih) (a)

“Vehicie Power Need (kW) (B)
40, T - ' 1 - '

-20}
“Source Power (kW) (c)

40— BEectric Power | ‘
| Fuel Power
20,‘ Brake Power {
o WA MNP Nl AR Tt
-20| |
‘ X 5 3 Sﬁe‘éf'ﬁiiﬁé‘ld?ﬁl] (C) . '
— Electricel Storage SOC ¥ S—) E— — | 1 T
Funl Storage SOC
0.8
06}
04! i "3 ] ! ! ! Il ! l
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)

Fig. 18. PHEV - simulation results using the functional model [6].

These results represent a first validation of the chosen architecture of the vehicle and
of the energy management strategy used to handle the power split within the system.
However, at this level of abstraction, the energy model cannot generate specific physi-
cal signals such as electric motor output torque or battery output current.

Simulation results of the multi-physical model and the proposed control architecture
are illustrated in Fig. 19.
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Fig. 19. PHEV - simulation results using the multi-physical model with GRM [11].

According to Fig.19, the following remarks can be made:

¢ Vehicle power need pattern is compatible with allocated source powers;

¢ When the vehicle surpasses 85 km/h (Fig. 19 (c)) the source power allocation moves
to fuel source power, but at the same time battery SOC decreases (Fig. 19 (d)). The
reason behind this is the constant electrical auxiliary load;

e A slight increase in battery SOC is seen at the end of the simulation showing the
regenerative braking effect;

¢ Based on the parameters values shown in Table 3, the results are consistent with the
physical limits of the components;

e From the acquired data, the fuel consumption can be calculated from following equa-
tion:

ASOCfuel
Ad

For this test scenario (WLTC), the obtained fuel consumption is of 3.51/200 km. This
result is well approximated by the value given in Table 4 (3.21/100 km). Besides the
fuel consumption, power need and supply patterns have been compared. Slight differ-
ences can be observed due to the system dynamic behavior, especially at time instants
with negative power supply.

With the proposed solution, the system can be examined globally but also locally.
Each component of the vehicle can be investigated separately if the simulation model
permits. Fig. 20 shows the electric machine results.

" volfuel * 100 (10)
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Electric Machine Torque (Nm) (a)

Electric Machine Angular Speed (rad/s) (b)
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Fig. 20. Hybrid vehicle electric machine results [11].

From the specific physical signals of the electric motor, the following comments can
be made using information given in Table.3:

o Output torque values of electric machine are within its physical limits (maximum
output torque is 200Nm);

e The angular speed of the electrical machine follows the vehicle speed with a certain
gear ratio;

e The electric motor current is between the physical limits with possibility of detailed
analysis for regenerative braking (for example, the motor torque constant K; is ap-
proximately 1, which is acceptable);

e The electric motor mechanical power is illustrated in order to calculate the motor
and generator efficiencies.

These results highlight the advantages of a multi-physical model with a GRM: detailed
analysis of components, better precision and, therefore, reliable validation of simula-
tions. Other physical components (ICE, auxiliaries, battery etc.) can also be analyzed
using the same simulation data. However, data exploitation depends on the multi-phys-
ical model complexity.

45  Additional Comments on Reconfiguration

A major advantage of the functional model is the ability to handle the system architec-
ture reconfiguration without reviewing the analytical modeling, which cannot be
avoided for a multi-physical representation of the system. If a component is added or
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removed, the new configuration can be validated in a fast and efficient way. An exam-
ple of this interesting feature is demonstrated in Fig. 21, highlighting the modularity of
functional modelling. Compared to Fig. 14, an additional component is added to the
system: a second electrical to mechanical energy conversion element used for traction.

e — —

Rl

Fig. 21. Reconfigured PHEV model [11].

Therefore, due to faster simulations and ease of reconfiguration, the functional model-
ing becomes a very useful methodology for system modeling and simulation.

A first validation of the reconfigured PHEV is given in Fig. 22. Here, both E2M
transformation elements results are shown, as well as F2M transformation element and
all the other components that are used for this simulation.
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Fig. 22. Simulation results of the reconfigured PHEV model.
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The simulation results of the reconfigured vehicle system show the following ad-
vantages of the functional modelling approach:

o Global system efficiency and fuel consumption can be calculated and be compared
with values obtained for a vehicle architecture having one E2M conversion element.
This type of analysis helps to choose the most appropriate configuration for the sys-
tem and to perform the elements sizing accordingly.

e Traction and regenerative braking can be handled just by one E2M conversion ele-
ment or both, and if necessary, F2M conversion element can be used for traction.

After the first validation of system reconfiguration and energy optimization strategy,
the obtained power flow information can be transmitted using the proposed solution to
the multi-physical model for a more reliable validation.

5 Conclusion and Future Work

In this study, a methodology for control architecture design is proposed using a func-
tional modelling model. The developed procedure is general and can be applied for
complex systems in order to obtain the supervision system for energy flow manage-
ment.

One of the main advantages of the proposed modelling approach is the possibility to
validate the energy distribution strategy, at first, by using an energetic functional model
(areduced complexity model in comparisons with the multi-physical model of the same
system). The simplicity of equations and the modularity of the functional model, asso-
ciated with an appropriate simulation environment, allows to quickly evaluate the en-
ergy management strategy using fast simulations, to easily adapt the strategy in case of
architecture changes and ultimately to validate the system components sizing.

Another important advantage of this control design methodology is that it uses the
system representation at a functional level of abstraction for decision-making at multi-
physical level. Therefore, once the functional model is obtained and the interconnection
elements are defined, the global resource manager (GRM) is determined and the energy
distribution strategy can be evaluated with a more accurate multi-physical model. At
this stage, the system performance indices can be computed and compared with the
ones from manufacturers’ brochures for validation. This procedure simplifies signifi-
cantly the laborious design process based entirely on the multi-physical representation
of a complex system, which makes it of great interest to a large number of companies.

The functional model and the control architecture at multi-physical level are de-
signed and successfully validated for a plug-in hybrid electric vehicle (PHEV). Simu-
lation results are obtained in Matlab/Simulink environment using the WLTC driving
cycle. The interconnection between two system representations at different level of ab-
straction and the functional elements parametrization based on component groups of
multi-physical model are detailed for the PHEV system.

Further research on a generalized element of interconnection for two levels of rep-
resentation will be conducted.
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In addition, the models of multi-physical components can be refined in order to en-
hance the accuracy of the global multi-physical model (i.e. use more complex models
for transformation component groups), which can lead to more relevant/conclusive re-
sults.

A long-term perspective is to replace the priority-based energy management algo-
rithm with a more efficient one, based on optimization. The new algorithm has to be
integrated within distribution elements such that to ensure an optimum need/supply al-
locations. For instance, the model predictive control strategy can be considered to op-
timally manage the power split within the system. Furthermore, the robustness of the
control architecture can also be investigated. Finally, the proposed methodology can
eventually be applied on different types of applications like water treatment systems or
building energy management systems to prove the method’s generality.
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