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  Fig. 1. Synoptic schema of the studied vehicle 

 

 

Modeling and simulation tool of a dual power energy system 

 for hybrid vehicle design. 
 

K. El Kadri, A. Berthon,  
 

Abstract – This paper proposes the study of a dual power energy system carried out for an 

experimental test bench ECCE (Evaluation of the Components of an Electric Power train) that is a 

hybrid series vehicle. This work will focus on the study of the various components (batteries, 

thermal engine, alternator, control), in order to make evolve this platform by testing several 

operating modes and also to determine the performance and operation limits. This work has been 

also carried out in order to achieve a simulation tool which will represent the operation of the 

hybrid energy system and which can be used to study for example the decayed mode, the 

availability of the sources of energy and the functionalities of the various parts of a hybrid vehicle. 

Further works are planned to integrate ultracapacitors energy storage and also fuel cell energy 

generation. 

 

Keywords: series hybrid vehicle, block modelling, failure management, safety functionality, 

simulation tool, battery, energy management, converter control strategy 

 

 

I. Introduction 

The aim of this paper is to propose a simulation tool 

in order to design a dual power generator for hybrid 

vehicles. This system presents some advantages like the 

redundancy and the energy availability. To explore this 

solution, modelling of the elementary components will 

be developed, simulation tool of the whole system will 

be implemented and experimental tests will be 

performed. However this study will focus on the power 

energy system applied to the hybrid vehicle. 

Most of popular hybrid vehicles HEV, use gasoline 

and electric batteries associated to internal-combustion 

engines (ICE) and electric motors. This paper will 

present an experimental series hybrid vehicle (ECCE). 

The power system of this heavy vehicle consists on two 

generator units: the first unit (diesel ICE “MT1”+ 

alternator “AL1”) is of 80kW of power and it works at a 

constant speed and the second one (diesel ICE “MT2”+ 

alternator “AL2”) having 80kW of power works at a 

variable speed mode. Both units supply a DC bus for 

which the voltage is fixed at 540V (±270V) by a pack of 

batteries (BAT1 and BAT2).  

 

This 12 tons electric truck has four independent driving 

wheels (4x30kW) supplied by a DC bus, thanks to four 

inverters. 

II. Presentation of the power generation 

system 

 ECCE test bench has been developed to test in real 

conditions different technologies of energy sources, 

electrical loads and the modes of control and 

management of the embarked energy. The different 

components on board this vehicle test bench will be 

detailed below. 

 

 
Fig. 2. The test bench ECCE. 
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II.1. The two generator units 

 Two identical thermal engines (MT1 and MT2) 

drive respectively the two electrical generators (AL1 

and AL2). The thermal engines are HDI, common rail 

diesel engines, manufactured by PSA Peugeot-Citroën; 

they provide a power of 80 kW at 4000 RPM. AL1 is a 

permanent magnet generator at constant speed. AL2 is a 

double fed induction machine running at variable speed 

which is called “generalized generator”. Each generator 

can provide a nominal power output of 66 kW [1], [2]. 

AL1 and AL2 are connected, by their associated 

converters RD1 and RD2, to the DC bus at a rated 

voltage of 540 volt. 

 

 
Fig. 3. The technical cell 

II.2. Batteries 

The batteries are used to provide the energy during 

transient conditions and to store it during regenerative 

braking. Studied batteries are set with two subsets of 45 

cells of 6 V mounted in series, that is to say two subsets 

of  270 V. These subsets are assembled in series on both 

sides of a middle point which is connected to the ground 

of the vehicle. 

 
Fig. 4. The two packs of battery (BAT1 and BAT2) 

II.3. Control system 

The control desk is based on a dSpace device which 

controls the power management, the ESP capability 

(Electronic Stability Program: virtual differential, anti-

slipping, trajectory control), the data acquisition, the real 

time command-control and the diagnosis. 

There are two units in the control desk: a dSpace™ 

device and a programmable logic device PLD which 

manages the step by step tasks of the elements of the 

bench. 

IV. Modeling and simulation of the hybrid 

vehicle 

One interesting way to study the behavior of 

electrical vehicles is to develop a simulator tool in order 

to understand and design all their capabilities [3], [4]. In 

the context of vehicle computer aided design, models 

are needed for the simulation of the power train system 

and auxiliaries [5], [6], [7], [8]. To achieve this goal, 

numerical models of the power system will be proposed, 

using SABER software. This software might also 

simulate the different problems encountered in series 

hybrid vehicle. Furthermore, it allows getting the time 

variations of currents and voltages in the different 

circuits following normalised drive cycle. 

The first step before simulation is modeling. In this 

step elementary modules have to be defined in order to 

achieve, by assembling the modular devices, the 

simulation of the behavior of various vehicles: 

conventional, electrical or hybrid ones. 

To simulate the vehicle, the system has been divided 

in several blocks, which will be detailed now. 

IV.1. The power energy system 

Several studies focus on research and evaluation on 

different approaches to model Diesel engine. The 

proposed models are fitted to the dynamic relationship 

between indicated pressure, torque and speed of the 

engine [9]. In this application a model is needed with 

information on the fuel consumption depending on a 

speed set point and a rotational velocity type terminal. 

The model of the thermal engine is connected to a 

system with three terminals:    

- engine_vel_cons - control type connection pin 

which is expected to be connected to the profile of the 

velocity. 

- eng_idle_rpm - control type connection pin which is 

expected to be connected to the engine idle speed 

control unit.  

- eng_shaft - rotational velocity type terminal which 

corresponds to an engine power take off shaft. The 

terminal is associated with the angular velocity in rad/s 

as the across variable and the torque in Nm as the 

through variable. An alternator can be connected to this 

terminal.   

BAT1 

BAT2 

RD2 
RD1 
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Fig. 5. The HDI thermal engine model. 

 

Fuel consumption is modelled as a 3-D look-up table 

data, which defines the fuel flow (litres/min or 

gallons/min) versus engine torque and engine velocity 

(RPM), or fuel flow versus engine mechanical power 

and engine velocity (RPM).  

 

 
Fig. 6. The 3-D look-up table. 

 

The data provided must adequately cover the region 

of operation. Experimental or measured data are often 

clustered about specific regions of operation. 

The two 66 kW alternators (AL1 and AL2) are 

connected to the diesel engines MT1 and MT2. 

 
Fig 7. The HDI diesel engine. 

 

The two alternators (AL1 and AL2) are from two 

different types: AL1 is a permanent magnet generator at 

constant speed and AL2 is a double fed induction 

machine which acts as a “generalized generator”.  

Our block model represents a permanent magnet 

synchronous machine with angular velocity of the shaft 

as the mechanical connection point. Both the back emf 

and torque produced by this machine are modelled, 

based on an approximation using the first nine 

harmonics of the magnetic fields. Machine parameters 

include the resistance and inductance of the three phase 

windings. Torque and back emf multiplying constants as 

well as the coefficients of the first nine field harmonics 

are parameters of this model. Internal damping and 

inertia of the unloaded machine as well as the number of 

machine poles are additional parameters.  

 
Fig. 8 AL1 alternator model. 

 

The phase voltage and the angular velocity are 

presented as shown by (1): 
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Where Rs, L, ke and p designate respectively the 

stator resistance, the stator inductance, the emf constant 

and the number of poles per phase. Ik, ek ai and θm 

respectively represent the current, the emf, the 

coefficients of field harmonics and the angular position.  

The schema of the generator AL2 is given on figure 9 

and its nominal values are given below. It can be 

observed that for a speed lower than 2700 rpm which is 

the synchronous speed for a frequency of 90 Hz, the 

power needed for the converter is taken on the DC bus 

bar. 

 poles : 4 ; 

 rated power : 66 kW ; 

 rated voltage : 430 V at 3600 rpm ; 

 rated current : 82 A 

(1) 
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Fig. 9 AL2 alternator. 

The vector equations describing the alternator are,  
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Applying Park’s transformation: 
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The system of flux can be written by: 
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Where Isd and Ird are the direct currents (stator and rotor) 

and Isq and Irq are the quadrature currents (stator and 

rotor). Ls, Lr and Xm respectively represent the stator 

and rotor cyclic inductance and the mutual inductance. 

Is1, Is2 and Is3 designate the stator phase currents and Ir1, 

Ir2 and Ir3 the rotor phase currents. 

 

The Al2 generator is controlled by one converter 

which feeds the rotor of the generalized generator. 

AL1 and AL2 are connected by their respectively 

converters RD1 and RD2, to a DC busbar at a rated 

voltage of 540 volt. 

 

For RD1 converter, the output of the DC current Ird1 

regulator will be the quadrature current reference, 

iq_ref. In this study, for a considered positive rotor 

speed, iq_ref is imposed at a negative value. The direct 

reference current id_ref is fixed to zero in order to 

minimize the copper losses for a given load power. So, 

the phase current and the corresponding phase emf have 

180° phase shift. The phase reference currents Il1_ref, 

Il2_ref and Il3_ref are obtained by applying Park’s 

transformation to the dq current references. The 

resulting currents will be compared to the phase currents 

feedback il1, il2 and il3 in the hysteretic current 

controllers. The outputs of this hysteretic controller will 

be the driving signals for the rectifier transistors. [10] 

 

 
 

 

 

 
 

Fig. 10. RD1 inverter model. 

 

For RD2 converter, the output of the DC current Ird2 

regulator will be the quadrature voltage reference, Vqs 

ref. In this case the use of PWM converter is adopted to 

supply the rotor of the AL2 generator. 

 

 

Filter 

Rectifier 
AL2 generator 

 

il1 

Il2 
Il3 

Il1_ref 

Il2_ref 

Il3_ref 

Ird1_ref 

iq_ref 
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Fig. 11. RD2 inverter model. 

 

For this simulation, currents and voltages space 

vector representations are used to obtain system 

equations. 

IV.2. Battery modeling 

 As batteries represent a fundamental and central 

element in the hybrid vehicle, it is necessary to study 

some electric modeling of these batteries. 

There are so numerous models for batteries, from 

impedance and voltage source in series modeling to 

more complex models. Generally, these models consist 

on an equivalent electric circuit made up of resistors, 

capacitors and other elements, fixed or variable 

elements, depending on the temperature and the state of 

charge SOC which gives an idea on the quantity of 

active part [11]. These models are used to determine the 

state of charge or to evaluate the lifespan of the batteries 

[12], [13]. 

The principal models available in the literature are: 

 Simple electric model 

 Dynamical model [14] 

 The third-order battery model [15] 

 Mathematical Model [16] 

 Parallel model [17] 

The temperature is a very important parameter which 

has a great influence on the battery operation.  

It affects:  

 The electrochemical behavior of the system 

 Efficiency of the state of charge and 

discharge 

 Power and energy of the battery 

 Safety and reliability of the battery 

 Lifespan of the battery.  

Thus, as the temperature affects the battery, this 

parameter influences also the performance of the hybrid 

vehicle, its reliability as well as the availability of 

energy on board. 

In this simulation, in order to model the batteries of 

the vehicle ECCE, the third-order battery model has 

been chosen like the thermal model, because it has 

several advantages:  

- all its components depend on the state of charge and 

the temperature which is a very important factor that 

cannot be neglected in the behavior of the lead acid 

batteries  

- the easy way to identify the various circuit 

parameters. 

The third-order battery model as shown on fig. 12 

consists on: 

- an electric circuit containing a R/C cell in series 

with a resistance and an algebraic parasitic branch. 

- algorithms to calculate the state of charge SOC and 

the internal temperature of the battery. 

- equations to calculate the elements of the circuit 

according to the SOC and the temperature. 

 

Fig. 12. Battery model. 

All the components shown on figure 12 are function 

of the SOC, charge and discharge currents and of course 

of the temperature.  

One can be expressed 210 ,,, RRREm  by: 
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And the following relation (6) for the capacitor 
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 All these parameters can be identified easily using the 

experimental tests. A constant current discharge can be 

made fixing the temperature by putting the battery in a 

climatic room, and measurements of the voltage from its 

terminals are carried out.  

 

(5) 

(6) 
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Battery parameters referring to the model are 

determined from several experimental tests and are 

shown on Table II. 
 

Table II 

PARAMETERS REFFERING TO THE MODEL OF ONE 

BATTERY ELEMENT  

 

The following curves show the experimental and 

simulation behavior:  

 

0
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Fig. 13. Simulation and test results for battery voltage during 20A 

constant current discharge at 20°C. 

 

Several other tests using various temperature and 

currents give the different parameters of the previous 

relations. 

 

 
Fig. 14. Battery test laboratory. 

V. Simulation results  

Simulation results will be presented for the ECCE 

vehicle. Figure 15 shows the implementation of the 

whole system modeling. 

 

 

 
Fig. 15. Simulation synopsis. 

 

This study permits to have an idea on the general 

behaviour of the test bench ECCE and also of the 

components which are requested among the energy 

sources and the main energy consumers. 

Possible problems related to the quality of the 

waveforms can occur, in particular with regards to the 

load current of the battery. 

For the ICE the following figures will present fuel 

consumption and axle torque for a speed reference 

varying from the standby position to nominal speed at 

3600rpm. 

 
Fig. 16. Simulation results for the ICE thermal engine. 

 

For power request from AL1 electric generator, figure 

17 shows some results with a DC bus current regulated 

to 50A (Ird1_ref=50A). These results validate the 

driving control of the generator MT1-AL1-RD1. 

Capacity 

parameters 

I
*
 : 19.62A               θf : -40°C 

Cθ* : 18.12Ah          Kc: 1.5097 

ε : 1.2274                 δ: 0.9803 

Em Em0 : 2.2279V  KE: 0.6544mV/°C 

 R0 R00 : 8.40 mΩ   A0 : -0.152063 

R1-C1 R10 : 4.35 mΩ   T1 : 910 s 

Active load 

Climatic 

room 

Data 

acquisition 

devices 

battery 
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Fig. 17.a. Ird1 current at the output of RD1 and stator current for AL1 

. 

 
Fig. 17.b. Stator current for one phase for AL1. 

Figure 17.c. shows the hysteretic control of the 

current issued from the rectifier RD1. 

For power request from AL2 electric generator, 

figure 18 and 19 shows some results with a DC bus 

current regulated to 50A (Ird2_ref=50A). These results 

validate the driving control of the generator MT2-AL2-

RD2. 

 
Fig. 18. The stator phase voltage and current and the rotor voltage of 

the AL2 alternator. 

 
Fig. 19. Ird2 current at the output of RD2 and power supply from 

AL2. 

To validate this simulation the related experimental 

results are presented in the following figure: 

 

 
Fig. 20. Experimental results for AL2. 

 

For power request from electric generators figure 21 

shows some results with a DC bus current regulated to 

50A (Ird1_ref=50A) for a power traction demand 

“itraction”. 

 
Fig. 21. Results for a simulation for “itraction” demand. 

I stator  1V→ 100A 

V rotor  

V stator  
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V. Real system and tests 

Concerning the design of the test bench, some safe 

practice has to be considered. In fact, as human users 

will take place on board, safety rules are required and 

will be developed below. 

 The term of “safety” in the classical vehicles is 

strongly related to the safety of the passengers in a 

context of traffic regulations (seat belt, airbag...). With 

the emergence of the electric and hybrid vehicles, 

several institutes have been interested in the last years to 

the new concept of safety in the electrical vehicle. This 

new concept has a lot of specificities regarding to the 

classical ones because of the great number of the 

embedded electrical engineering components: sources of 

energy, energy storage elements, power converters, 

motors, regulations devices… etc. 

This presented study is intended to underline the risks 

token by the personnel using a DC voltage higher than 

60V. The studied electrical vehicle (the EV “ECCE”, 

fig. 1) has a DC bus of 540V obtained through two 

packs of batteries at 270V for each. First, a state of art 

on the electric risks will be reminded, especially the 

different approaches of the standards in electricity 

talking about the use of the DC voltage around 540 V. 

The standards dedicated to the protection in the electric 

vehicle and the embarked systems are more explained.  

Afterwards, a simulation strategy will be presented to 

manage failures on a heavy series hybrid vehicle. Safety 

functionality have been considered and implemented in 

a control algorithm in order to keep the entire drive 

control of the vehicle. Full experimental and simulation 

results (with modeling description of the devices) will 

be detailed. 

The 540V DC bus is sufficiently high to be regarded 

as hazardous for people; its use requires an absolute 

safety of operation. It is thus necessary to set up 

measurements and safety devices in order to make it 

possible, on the one hand to guard itself against the 

electric shocks, and on the other hand to protect the 

electrical installation [18]. 

III.1. The standards 

The installations and the electric materials are 

subjected to a whole of texts having as main purpose to 

ensure the protection of the equipments and the people. 

This safety implies the use of equipment meeting 

standards of construction and defining the rules of 

installation of these devices. In the same way, preventive 

actions must be respected to avoid any electric shock or 

failure in the electric circuit. 

Three levels are concerned with the starting of these 

actions of standardization: national (AFNOR and UTE 

in France), European (CEN and CENELEC) and 

international (ISO and CEI). 

The consultation of these various organizations 

brings back to us to some normative texts about the 

electric vehicle and the use of the DC voltage in the 

electric traction.  

In reference of these standards, some proposals 

ensuring the protection of persons and equipment have 

been applied on ECCE vehicle. 

III.2. Analysis of risks related to the use of 540V DC 

voltage 

The effects of currents passing through the human 

body are same, that they act of direct contact or of 

indirect contact, as from the moment when the potential 

difference between the exit and entrance points, as well 

as the duration of current crossing, are identical. The 

analysis of the accidents due to electric shock resulted is 

classified in two categories according their origin. 

The hazards incurred by the people crossed by an 

electrical current depend primarily on its intensity and 

the time of crossing. This current is directly related to 

the voltage of the contact applied to this person, as well 

as impedance met by this current at the time of its 

advance through human body (characteristic 

physiological being human concerned), the voltage of 

the contact and the humidity of the skin. 

In the case of the D.C. current, it can occur, because 

of the presence of salts and liquids in the body, of the 

electrolytic effects with the same way to involve 

electrochemical reactions. Nevertheless, with the same 

voltage level, the AC current 50-60 Hz is more 

dangerous than the D.C. current. According to document 

CEI 479-1, the report/ratio of a forward current to its 

equivalent effective value of AC current having the same 

probability of producing a ventricular fibrillation is as 

follows:  

75.3
80

300


mA

mA

I

I
K

nfibrilatioca

nfibrilatiocc
 

III.3. Protection of persons against electric hazards 

1) Protection against the direct contact: 

According to the European standard and French NF 

EN 1987-3 approved in February 1998, protection 

against the direct contact must be made up by the 

following way: 

- By insulation: The live parts of the electric 

system must, by assembly of the vehicle be 

completely covered by the insulation (basic, 

additional or reinforced) which can be removed 

only at the price of its destruction.  

- By partitions or enclosures. 

It is the first solution which will be adopted in our 

case. These two actions prescribed by the standards are 

primarily “preventive" or "passive" measures, i.e. the 

"setting out of reach" live parts. 

The decree of application of section IV of the decree, 

by the reference with the article of standard NF C15-

(7) 
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100, advises the use by way of complementary 

protection, a high sensitivity differential circuit breaker 

(DDRHS) of lower value or equalizes with 30mA. This 

constitutes a protection measure known as "active", 

since it puts in work the operation of a shutting-off 

device at the moment when the current runs out with the 

ground while crossing the body of a person in contact 

with a stripped active driver. In our case the use of a 

differential device will not be possible owing to the fact 

that the continuous network is not isolated from the 

ground. The point medium of the battery is connected to 

the frame of the vehicle which is the so called ground. 

On the other hand we produced a model of detection of 

insulation defect. The later will be placed in the frame of 

the vehicle. 

Fig. 22. Safety means and protection against failures. 

2) Protection against the indirect contact: 

The people must be protected from all the risks 

resulting from the contacts with accessible conducting 

parts (exposed-conductive-parts) in the event of failure 

from the electric circuits of the vehicle. These electric 

grounds should not be confused with the electronic 

ground suitable for the operation of the electronic sets. 

They are connected to the ground through a protective 

conductor. 

In this class of voltage level, this protection is 

obtained by protective bonding. In electrical equipment, 

electrical connection of exposed-conductive-parts and/or 

protective screening to provide electrical continuity to 

the means of connection for an external protective 

conductor. 

III.4. Functional safety means 

 The goal of this part is to establish a new concept of 

safety in order to avoid the dangerous consequences of 

the failures affecting the people and components specific 

to the hybrid vehicles (the other components are 

considered in the same manner as in the case of the 

traditional vehicles). 

This concept of safety includes actions and principles 

of design having to be adopted in order to guarantee a 

sufficient protection against the physical and material 

damages in case of failures [19]. 

Several instructions have to be respected in the 

starting of the vehicle: control, driving, forward or 

backward, parking. These tasks are made among these 

instructions: 

- The starting is done by means of the ignition key, 

which counts two positions at least:  

Position 1: "Stop": The system of propulsion is 

disconnected; an action on the accelerator pedal is 

without effect. This position is the only one which 

makes it possible to insert and to withdraw the ignition 

key.  

Position 2: "Drive": An action on the accelerator pedal 

after at least another voluntary action makes it possible 

the vehicle to move. 

- If the power of drive is reduced to a significant degree 

by the action of an automatic device (because of a high 

temperature of the propulsion system or components of 

the energy sources, for example), this phenomenon must 

be taken into account in the total management of the 

system. 

- Also, the low level of the state of charge (SOC) of the 

battery pack also constitutes another parameter which 

influences the  management of the vehicle. The value of 

the SOC level of the battery must be made according to 

the ‘laws’ of energy management, but must in any case 

satisfy particular requirements of safety.  

The control of the vehicle is assured by the driver 

installed in the cab of vehicle (figure 23.a and figure 

23.b): 

Fig. 23.a. Cockpit. 

 
Fig. 23.b. Instrument panel 

Battery 

connection 

terminal 

System of detection of 

defect to the ground 

Emergency 

stop 
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In order to validate the correct working of all the 

subsets, we initially chose to force the operation of the 

two power generating units according to the power 

requested on the DC bus. However the choice of the 

control strategy does not take into account the points of 

ideal efficiency of the generators neither the losses. 

So, it can be seen that the computer tools could 

propose several ways to analyse the dependency of some 

elements of the power train to electrical or thermal 

constraints resulting from a safety drive of the vehicle 

from the point of view of electrical energy management. 

Accurate models have been developed for this simulator 

and validations have been made for the most part of the 

elements. However, a normalized driving profile has to 

be submitted to validate the dynamical behaviour of the 

system [20]. Up to now, only some behavioural tests 

have been performed because of the availability of the 

experimental ECCE truck. 

For example, thanks to the dSpace system embarked, 

it is possible to record all the measured parameters. The 

data are then transmitted to a laptop connected to the 

calculator by Ethernet connection.  

The initial voltage of the battery is 432V (540V-

20%), we can observe the charge of the battery. The 

measured data are as follows: 

 Position of the accelerator pedal (Ped ACC 

ranging between 0 and 1)  

 Currents provided by generators (IRD1, 

IRD2)  

 Battery voltage (UBAT) 

 Battery current (IBAT). A current output by 

the battery is counted positively.  

s 

s 

Fig. 24. Load current and battery voltage. 

One can notice that the battery provides the 

complement of requested current. 

VI. CONCLUSION 

Legal regulations on fuel consumption and the rising 

need of comfort and safety are the main issues in 

automotive development. 

The simulation tool for the dual hybrid generator 

experimental vehicle ECCE is especially important since 

one can efficiently test new components and control 

strategies. The interaction with other subsystems in a 

vehicle can be analyzed. Moreover, this simulator can be 

used with relatively fine models in order to start studied 

in case of default behaviour mode. Some defects could 

be proposed, for example an increase of the temperature 

of the batteries, or a failure in the converter, and the 

impact of such a failure on the performances of the 

entire system would be underlined. This study makes 

also it possible to see the availability of energy on board 

of the vehicle. 

Moreover, the study carried out, is intended to make 

known the risks covered by persons working with DC 

voltage higher than 60V in particular in our paper with a 

540V supply. This voltage is enough high to regard it as 

dangerous for the people. Electric analysis of risks was 

thus essential to avoid the personal injuries during 

interventions undertaken at the time of control or test 

procedures, or during maintenance periods. 
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