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Abstract 
Due to their physical basis, battery lumped electrochemical and thermal models arise as a promising 

alternative to popular equivalent circuit models to predict battery behaviours. In this paper, our objective is 

to present an advanced 0D-electrochemical and thermal model of a Ni-MH cell recently calibrated to 

describe a 6,5 Ah, 168 cells, 202V nominal Ni-MH commercial battery pack and to highlight the benefits 

of an integrated modeling approach from electrochemistry to various applications: battery performance 

characterisation, control-law development and hybrid vehicle simulation.  

After a synthetic presentation of the advanced 0D electrochemical and thermal Ni-MH cell model, the first 

part of the paper will be devoted to the recent work on model developments and parameter tuning to 

account for the voltage evolution at various temperatures and current levels, but also for the thermal and 

pressure evolutions in the cell. Then, promising applications of the model are discussed. First, the physics-

based modeling of traction battery offers an opportunity to discuss the mechanisms of ageing along the 

operating life. Secondly, the advanced Ni-MH lumped-parameter model -where the state of charge (SoC) is 

an internal parameter- can be used to design an extended Kalman filter and provide a fairly accurate and 

real-time indication of the battery SoC on-board. Thirdly, the 0D electrochemical model can be integrated 

into a vehicle simulator to optimise the HEV architecture or quantify energy fluxes, while reflecting the 

battery physics properly.  

As a main conclusion, it is worth noting that the Ni-MH battery model is detailed as a case study, but this 

integrated approach can be applied to any Li-ion technologies.  

Keywords: battery model, BMS, state of charge, simulation, HEV  
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1 Introduction 
The operation of high-power batteries in hybrid 
electric vehicles (HEV) requires to furnish and 
absorb large current spikes almost 
instantaneously. The various aspects of 
performance required from a battery in terms of 
power and energy can be assessed experimentally 
[1] but the battery modeling can be of valuable 
use to explore pulse power limitations and 
thermal behaviour of a candidate technology [2]. 
Due to their physical basis, battery lumped 
electrochemical and thermal models arise as a 
promising alternative to popular equivalent 
circuit models to predict battery behaviours [3]. 
An improved electrochemical and thermal 
lumped-parameter model for a sealed Ni-MH cell 
was recently proposed by our group [4] in order 
to better approach the outcome of 1D models, 
while keeping the same level of complexity of 
standard 0D models and avoiding excessive 
computational time. Besides being useful for 
physical understanding and diagnosis, the so 
called lumped-parameter electrochemical model 
was developed as a computationally efficient 
approach to design an extended Kalman filter 
and provide a fairly accurate and real-time 
indication of the battery state-of-charge on-
board. Moreover, the advanced 0D 
electrochemical model can be integrated into a 
vehicle simulator to optimise the HEV 
architecture or quantify energy fluxes while 
reflecting the battery physics properly.  
The Ni-MH lumped-parameter model developed 
in the AMESim simulation environment was 
calibrated on a  6,5 Ah, 1,2 V nominal Ni-MH 
commercial cell and validated against 1C charge 
/ discharge and hybrid pulse power 
characterisation (HPPC) tension data sets at 20°C 
collected on a Prius 2 Ni-MH battery pack, 
assuming that cell construction, SoC and 
temperature are uniform throughout the serial 
pack [4]. In that case, the battery was 
characteristic of the "beginning-of-life" since it 
was a new one which was not used in a vehicle. 
 
After a synthetic presentation of the advanced 0D 
electrochemical and thermal Ni-MH cell model, 
the first part of the paper will be devoted to the 
recent work on model developments and 
parameter tuning to account for the voltage 
evolution at various temperatures and current 
levels, but also for the thermal and pressure 
evolutions. In a second part, the benefits of an 
integrated modeling approach based on 
electrochemistry is highlighted for the battery 

ageing diagnosis, for the control-law development 
and for the hybrid vehicle simulation.  

2 Electrochemical and thermal 0D 
Ni-MH cell model  

A Ni-MH cell is a dual-intercalation 
electrochemical system in which proton insertion 
in the positive solid nickel electrode and hydrogen 
de-insertion in the negative solid metal/hydride 
electrode occur during discharge and vice versa 
during charge. Electrochemical reactions taking 
place at the electrode/electrolyte interface 
(assuming discharge) are: 
NiOOH + H2O + e- ↔ Ni(OH)2 + OH-             (1) 
 ½ O2 + H2O + 2e- ↔ 2OH-             (2) 
at the positive electrode and 
M + H2O + e- ↔ MH + OH-         (3) 
½ O2 + H2O + 2e- ↔ 2OH-                     (4) 
at the negative electrode.  
 
Side equations (2) and (4) constitute the oxygen re-
circulation inside the cell. The oxygen is 
transported from one electrode to the other via the 
liquid electrolyte and, after exceeding its solubility 
limit in the electrolyte, via a gas phase. Thus a Ni-
MH cell is a three-phase system, with one gas 
phase besides the solid matrices and the liquid 
electrolyte. The accumulation of oxygen in the gas 
phase increases the cell pressure in the gas 
reservoir above the cell (constant volume). 

2.1 Advanced 0D model formulation 
The lumped-parameter description is based on the 
assumption of considering the concentrations of 
the active species as homogeneous within the 
battery, i.e. spatial gradients are neglected. 
Moreover, the concentration of the hydroxyls ions 
in the electrolyte is taken as a constant. 
Consequently, the model state equations are given 
by the mass balance equations of the remaining 
active species. The mass flows involving the three 
active species are related to the current densities of 
the main and side electrochemical reactions 
(equations 5). The diffusion into a single solid 
particle is accounted for by an equation based on 
the superposition integral [5]. Then the bulk 
concentration for each species is distinguished 
from the interfacial concentration, both being 
functions of time. The current densities are 
calculated using the Butler-Volmer equations 
(equations 6) as a function of the species 
interfacial concentrations, the potential differences 
at the solid-liquid interface on the electrodes, and 
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the equilibrium potentials (open-circuit 
potentials) of the reactions (equations 7). Current 
balance equations (8) provide the missing 
relationships between the reaction current 
densities, the potential differences, the cell 
voltage, and the cell current. Among other 
refinements, two double-layer capacitances are 
introduced in the charge balance equation to 
account for the electrolyte ionic species 
accumulation at both electrode interfaces due to 
the diffusion gradient. Moreover, the typical 
hysteresis effect of Ni-MH batteries is taken into 
account through a non ideal expression of the 
thermodynamic equilibrium potential. In the 

model, thermal effects are adequately taken into 
account by introducing an energy balance equation 
for the whole cell (equations 9). Heat production 
due to irreversibility in the reactions, heat losses 
through the cell external surface, as well as energy 
accumulation in the cell are the terms of such 
equation. Cell temperature affects the reaction and 
diffusion kinetics.  
 
Main equations of the advanced 0D model 
summarised in Table 1 are detailed elsewhere, 
together with the calibration method on a 6,5 Ah, 
1,2 V nominal Ni-MH commercial cell [4]. 
 

 

Table1: Main equations of the advanced 0D electrochemical model [4] 

Physics Mathematical expressions  
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2.2 Advanced 0D model validation 
Recent attention was paid to the validation of the 
model against new experiments to also adjust 
pressure and thermal parameters and provide a 
complete voltage/pressure/thermal-behaviours 
Ni-MH battery model. Considering the pressure 
increase related to the gaseous oxygen 
production in charge conditions approaching full 
or overcharge, the liquid/gas interfacial 
equilibrium for the oxygen species links the 
dissolved oxygen concentration to the gaseous 
oxygen pressure via the Henry law, while the 
ideal gas law applies in the gas reservoir. An 
experiment was conducted on a 6,5 Ah 7,2 V 

nominal voltage Prius 2 Ni-MH module submitted 
to 1C charge, 30 minutes relaxation and 1C 
discharge cycles at ambient temperature while 
monitoring at the same time the voltage, the 
pressure increase in the gas reservoir on the top of 
the module thanks to a manometer and the skin 
temperature increase on one side (Fig. 1). 
Comparison of experimental and simulated results 
shown on Fig.2 provides a very satisfactorily 
agreement. As one can see, full charge and 
overcharge are accompanied with gaseous 
production related to a secondary reaction, which 
is obviously exothermic. 

 
 

 
Pressure sensor 0-10 bar 

Skin temperature sensor  

 

Figure1: Experimental set-up for the parallel measure 
of tension, pressure and skin temperature on a Prius 2 

module at room temperature during 1C charge, 30 
minutes relaxation and 1C discharge cycles 
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Fig 2: Comparison of measured (red line) and simulated 

(blue dots) Ni-MH module battery voltage, pressure and skin 
temperature 
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To provide additional experimental validation of 
the refined 0D model over a wide temperature 
range, the dynamic profile test so called Hybrid 
Pulse Power Characterisation (HPPC) test was 
applied to the entire Prius 2 Ni-MH battery pack 
consisting of 168 serially connected cells [6]. 
HPPC tests were performed on the battery testing 
power bench at IFP (500A / 500V / ±120 kW) in 
isothermal conditions. A specific ventilation was 
applied to the pack set in a large climatic 
chamber in order to maintain the internal 
temperature as close as possible to the 
temperature set-point of the experiment. Thus, it 
is assumed that cell construction, SoC, and 
temperature are uniform throughout the pack: no 
attempt was made to account for cell-to-cell 
differences arising from manufacturing 
variability or temperature distribution within the 
pack. The complete high current HPPC test 
consists with a succession of sequences as shown 
in Fig. 3, including discharge pulse (-130A, 10s) 
and charge pulse (+85A, 10s) every 10% of SoC 
from SoC = 110% to 0%. Fig. 4 gives the results 
for the complete high current HPPC test at 25°C 
and Fig.5 displays the result for a single profile at 
intermediate SoC.  
The model predictions in these highly dynamic 
conditions reflect the experimental measurements 
on the pack very correctly over the entire HPPC 
test, and relaxation phenomena are particularly 
well taken into account in the model. Model 
prediction can be considered as very good at 
25°C between SoC =30% to 80% (which is of 
interest in the traction application), since the 
relative error between measurements and 
simulation remains below ±3%. Notice that 
dynamic periods where discharge and recharge 
pulses correspond to -25 kW and +17kW are even 
better reproduced, for which the difference 
reaches  less than 1 %.  

 

Figure3: High current Hybrid Pulse Power 
Characterization test profile 
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Figure4: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack voltage using 
high current HPPC profiles at 25°C  
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Figure5: Comparison of measured (red line) and 
simulated (blue dots) Ni-MH battery pack voltage 

during high current HPPC profiles at 25°C, SoC=50% 

The temperature prediction of the 0D advanced 
model for the complete high current HPPC test at 
25°C is also in good agreement with the 
experiments, as shown on the Fig. 6. 
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Figure6: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack temperature 
during high current HPPC profiles at 25°C 
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2.3 Influence of temperature 
The model predictability was also studied over a 
wide temperature range, in particular at lower 
temperatures which are critical for the traction 
application. The low current HPPC profiles were 
applied to the battery pack at 0°C and -25°C, 
where discharge and recharge pulses correspond 
to -7.5 kW and +5.5kW. Experimental and 
simulation results are compared in terms of 
voltage and temperature, respectively, on Fig. 7 
and Fig. 8 at 0°C, on Fig. 9. and Fig. 10 at -25°C. 
In these difficult conditions, the model 
predictions reflect the experimental 
measurements on the pack quite correctly over 
the entire HPPC test: dynamic periods and 
relaxation phenomena are still particularly well 
taken into account in the model, since the relative 
error between measurements and simulation 
remains below ±3% between SOC = 80% to 30% 
at 0°C and -25°C. The temperature prediction 
remains also fairly good.  
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Figure7: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack voltage 
during low current HPPC profiles at 0°C, SoC=50% 
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Figure8: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack temperature 
during low current HPPC profiles at 0°C 
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Figure9: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack voltage 
during low current HPPC profiles at -25°C, SoC=50% 
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Figure10: Comparison of measured (red line) and 

simulated (blue dots) Ni-MH battery pack temperature 
during low current HPPC profiles at -25°C 

3 Main applications of the 0D 
electrochemical and thermal Ni-
MH battery model 

3.1 Comprehension of ageing 
mechanisms 

The comparison between simulation and 
experimental results obtained on the "beginning-
of-life" characterisation of a new Prius 2 battery 
pack and so called "in-life" characterisation of 
another pack used during 3 years in a Prius 2 
vehicle was performed to point out the interest of 
the advanced lumped-parameter Ni-MH battery 
model to discuss the material evolution in Ni-MH 
cells during service.  
In Ni-MH battery systems, the hydrogen storage 
alloy at the negative electrode plays an important 
role with respect to power performance and life 
duration. Power performance and cycle life 
behaviour are related to each other by the 
electrochemical and mechanical properties of the 
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alloy, via a more or less reciprocal relationship 
[7]. Consecutive lattice expansion and 
contraction during hydrogen intercalation and 
extraction produces mechanical stress, finally 
leading to the cracking of alloy grains submitted 
to electrochemical cycles. As a result  the particle 
size of the alloy is reduced (Fig.11) and the 
surface area of the negative electrode increases, 
which is profitable for the power performance of 
the negative electrode in a first step. But the 
increase of active surface associated with lattice 
expansion also favours the alloy corrosion in 
alkaline media, leading to the formation of 
surface films and a change of the chemical 
composition, especially in near surface regions of 
the alloy particles [8].  
 

 
Figure11: SEM of fresh alloy removed from a NiMH 6,5Ah 
1,2V cell and schematic representation of the cracking of alloy 

grains due to electrochemical grinding  

Consequently, positive effects due to 
electrochemical grinding at the negative 
electrode are expected at an early stage of cell 
life, as long as corrosion do not become 
overcompensating. According to the literature, 
stability against corrosion and pulverisation on 
one hand and good electrochemical performance 
on the other hand both depend on the chemical 
composition of the alloy, its morphological 
properties and the cycling regime used.  
A high current HPPC profile was applied with 
the IFP power bench at 25°C on a three years old 
PRIUS 2 battery pack and voltage data were 
modelled with the Ni-MH electrochemical 
lumped model (Fig.12). The parameter related to 
the active surface of the negative electrode was 
modified to fit experimental data in a 
satisfactorily way, namely active surface was 
increased by 130% to take electrochemical 
grinding and alloy pulverisation into account. So 

far, electronic exchange current density for 
negative insertion reaction was not changed, which 
suggests that there is no significant charge transfer 
increase due to corrosion layer at this stage. As a 
matter of fact, the recharge resistance measured on 
the three years old battery with the high current 
HPPC was systematically 5 to 15 % lower than the 
recharge resistance of the new battery. Therefore, 
positive effects due to alloy particle cracking are 
observed at this stage as reported in the literature, 
but corrosion reactions may take profit later from 
an increase of the surface area of the negative 
electrode.  
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Figure12: Comparison of measured (red line) and 

simulated (blue dots) voltage on a 3 years old Ni-MH 
battery pack using high current HPPC profiles at 25°C  

3.2 Electrochemical and thermal 0D Ni-
MH cell model for control law 
development 

As auxiliary power source, traction batteries in 
hybrid electric vehicles are operated at a nominal 
state-of-charge (SoC) level near 50% while staying 
into a realistic operating window like 30-70% SoC 
to deal with charge current bursts without going 
into overcharge or overdischarge. Given this 
operational constraints imposed on batteries, there 
is a need for a precise SoC estimation by the 
battery management system (BMS), as an accurate 
and reliable indication for the vehicle control 
system. This quantity is not directly measurable on 
board, since it is related to the concentration of 
reactive species inside the battery cells. The 
coulomb-counting procedure is not reliable for a 
precise SoC determination in traction batteries 
since not all current supplied goes to charging the 
cell and the charge lost to any undesired charge 
reaction is not included. As a promising solution, 
battery models based on the physic of the cells can 
be used to design an extended Kalman filter and 
provide a fairly accurate indication of the battery 
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SoC [9]. On the basis of the advanced Ni-MH 
lumped-parameter model described in the first 
part, an extended Kalman was designed using 
Simulink tool as illustrated on the Fig.13.  

Validation has been conducted by co-simulation 
and Fig.14 presents four applications of SoC 
estimation for an european driving cycle at 20°C 

(three repetition) to compare results from either 
model, EKF without noise (ideal), EKF and 
Coulomb counting. The agreement between EKF 
and model results under dynamic current 
solicitation undoubtly assesses the mathematical 
background and design of the EKF which may be 
used in a typical BMS algorithms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure13: EKF design and co-simulation 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure14: Dynamic of current, voltage and SoC 

estimation results given by 0D modeling (actual), EKF 
(estimated), EKF without noise (ideal) and from 

coulomb counting 
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3.3 Electrochemical and thermal 0D 
Ni-MH cell model for a HEV 
simulator 

Furthermore, the 0D electrochemical model can 
be integrated into a vehicle simulator to optimise 
the HEV architecture or quantify energy fluxes 
while reflecting the battery physics properly. For 
example, using the simulator for the Prius 2 
vehicle (Fig. 15) developed on the AMESim tool 
[10], it could be possible to run the Ni-MH 
battery model with both sets of parameters used 
previously in the paper, namely for the new 
battery pack and the 3 years old one ("in-life").  

This work is ongoing to discuss the influence of 
battery ageing and take into account the 
evolution of battery performance during life on 
energy fluxes in ordre to optimize the vehicle 
architecture – whatever the hybridation, from 
mild to full hybrid, from PHEV to BEV. 

4 Conclusions 
This paper covers the integrated approach 
conducted to model high-power battery pack, from 
electrochemistry to vehicle applications. The main 
result is the high precision level obtained by our 
advanced 0D electrochemical model for both 
voltage and temperature prediction of the Prius 2 
battery pack, under strong to zero current, while 
covering the wide thermal window of the traction 
application. For it is physics-based, computational 
efficient and validated against experiments in 
nominal and extreme operating conditions, this 
model is of primarily interest to discuss battery 
performance evolution during ageing, to develop 
control-law for the BMS, or to design and optimise 
the vehicle architecture on a VEH simulator.  
 
Furthermore, it is worth noting that the Ni-MH 
model is detailed as a case study, but this approach 
is also applied at IFP to Li-ion technologies.  
 

 

 
 

Fig. 15: Prius 2 simulator developed on AMESim tool in the VECSIM project [10]. 
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