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ABSTRACT The continuous demand for improved energy efficiency and reduced pollution has led the
car manufacturers to focus on electric propulsion. Due to this, research activities concerning electric and
hybrid vehicles have been increasing all over the world. For hybrid vehicle research and development,
various modeling and simulation tools have been created as the prerequisites for computational research
and development have been developed. This paper explores existing research from the past and presents
recent developments in order to predict future trends in powertrain simulation tools. The results of the
study indicate that developments in simulation tools have evolved from dedicated modeling and simulation
tools for hybrid electric vehicles toward general multi-system simulation tools with increasingly detailed
component models and accurate physics. The study results identified that progress in computing technology
is steady, the development trend in computational R&D is moving toward large computational studies, and
the application of advanced data analytics plays a strong role in hybrid powertrain R&D.

INDEX TERMS Electric vehicle, hybrid electric vehicles (HEV), modeling, simulation, powertrain.

I. INTRODUCTION
Electric cars have existed for more than a hundred years,
but broad penetration in the vehicle market has still not
been realized. In the early days of automobile manufacturing,
the discovery of inexpensive fossil fuels and the development
of internal combustion engines led the manufacturers to turn
away from electric solutions. However, since the 1990s, man-
ufacturers have turned back to hybrid and electric powertrain
solutions due to pollution reduction demands such as the
Environment protection act UK [1] and current Tier emission
standards (USA) [2]. The first hybrid models came on the
market at the end of the 1990s. In contrast to sporadic electric
and hybrid vehicle developments in the early 1900s and in
the 1970s, hybrid model options have been continuously
available on the market since 1997. This growing hybrid and
electric vehicle market has also stimulated an increase in
research activities. As computer-aided research and develop-
ment (R&D) has established its role, various modeling and
simulation tools have been developed for hybrid vehicles.
An overview of existing simulation tools for hybrid vehicle
developments was given previously in [3]. However, this
paper waswrittenmore than 10 years ago; significant changes
have since occurred in hybrid vehicles. The current study

analyses previous research from the 1980s until today in order
to identify developmental steps, acknowledge earlier work
and predict future developments in simulation-based electro-
hybrid powertrain.

Research activities are divided into three eras:
• The Pre-commercial era (∼1980s–1990s), defined by
conceptual electric powertrain design. Different electric
vehicle concepts were analyzed and the first analysis
tools were developed. Many projects analyzed potential
benefits of hybrid powertrains or focused on various
electric vehicle concepts. Towards the end of the era,
the General Motors EV1 was extensively tested in a
leasing program and the Toyota Prius (XW10) went into
production in late 1997.

• The Commercialization era (2000–2010) concentrated
on analysis of powertrain designs. By 2010, most of the
larger car manufacturers had at least one hybrid model
to offer. Fully electric vehicles were becoming available
under several brands. The era was concluded by the
introduction of Tesla vehicles, which finally awakened
the last car manufacturers to electrification. Numerous
studies on powertrain analysis and energy savings poten-
tial were published.
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• The Competition era (2010s) is characterized by con-
tinuous improvement of powertrain designs. Even with
their small market share, it appears that electric vehi-
cles have now established their position in the world
vehicle fleet. With some exceptions, the market share
of plug-in hybrid or fully electric vehicles varies from
1 to 3 % in the Western world. The number of plug-
in hybrid or electric vehicles registered annually has
exceeded two million units globally. China has taken the
lead in the number of plug-in hybrid or electric vehicles
registered [4]–[6].

This paper assesses past developments of electric and
hybrid vehicle powertrains in order to predict future trends
of simulation tools. The results of the paper point out the
significance of powertrain simulation tools and their effect
on improvements made in powertrains. The assessment indi-
cates the simulation tools are developing in terms of phys-
ical details described, system level coverage, and physical
phenomena modelled. The authors believe the current paper
is useful to understand the evolution happened in vehicle
technology and computer simulation. It is notable that the list
of references is not exhaustive, but it describes the features
and development of the tools over a long period.

The article is organized as follows: powertrain research and
development tools are described in Section 2 in three eras
(age categories); Section 3 presents the main findings and
discussion; finally, Sections 4 and 5 present a future outlook
and concluding remarks.

II. POWERTRAIN RESEARCH AND DEVELOPMENT TOOLS
This section contains an overview of powertrain development
and tools in the past and in the present. Subsection 2.1
introduces the Pre-commercial era (∼1990s), when early
conceptual designs were proposed and the first tools were
developed for analyzing electrically driven concept vehi-
cles. Subsection 2.2 presents the Commercialization era
(2000–2010), introducing simulation tool developments, new
library-based solutions, concentrating on a Modelica model-
ing language-based approach, and ADVISOR, Autonomie,
and other Mathworks-related products, such as Simulink and
Simscape. Subsection 2.3 presents the Commercialization era
(2000–2010).

A. PRE-COMMERCIAL ERA (∼1990S): CONCEPTUAL
ELECTRIC POWERTRAIN DESIGN
In this era, researchers started to experiment independently
and created in-house software tools for analysis of the various
aspects of hybrid or electric vehicle performance.

A personal computer compatible code, SIMPLEV, was
introduced in 1991 to analyze the performance of full-
electric vehicles under various driving cycles. The code was
developed by the Idaho National Engineering Laboratory for
the Society of Automotive Engineering (SAE), developing
electric vehicle testing and the US Department of Energy,
developing urban driving cycles for electric vehicle battery
testing. The code had pre-configured and scalable options

for electric motors, batteries, controls and driving cycles.
The physics model was based on power balances between
driveline components. Hence, the propulsion power was
balanced between losses and the power required to propel
the vehicle. The limitations of the driveline components were
taken into account e.g. by limited torque, current, and voltage.
The electric motor efficiencies were given in a lookup table
and the battery model was based on energy balance [7].

In 1995, internal combustion engine simulation tools had
been used for a long time, but an analysis and optimization
tool for hybrid systems needed to be developed. A com-
mercial simulation tool, MATLAB with Simulab and later
Simulink, was selected by the developers for the platform.
The background motivation was to develop a flexible and
configurable tool with a graphical user interface. In addition
to SIMPLEV, Braun and Busse [8] mention in their review
MARVEL and various commercial vehicle simulation codes
as possible alternatives for hybrid powertrain simulation. The
code was based on kinematic balance; it included the govern-
ing equations of vehicle longitudinal dynamics, powertrain
inertia, and gearing balanced with the electric motor torque.
The electric motor current and torque were limited as well
as the battery voltage; the limits were implemented in the
lookup tables. The battery model was energy-based and the
state of charge was computed from an integral of the current
drawn from the battery. The battery voltage was given as a
function of the state of charge and the current drawn. The
model configuration presented was for a serial hybrid vehicle.
Hence, the internal combustion engine and electric motor
power split could be omitted. The authors concluded that the
model had still to be validated and tool stability improved.
They also showed preliminary studies on a hybrid electric
vehicle (HEV) called CSM HEV [8].

CarSim is a tool for analyzing vehicle dynamics, develop-
ing active controllers and calculating a vehicle’s performance
characteristics [9], [10]. The SIMPLEV and CarSim tools
were utilized to simulate serial hybrid powertrain vehicles
in the Hybrid Electric Vehicle Challenge [11]. The simula-
tion results were compared with experimental results. The
comparison with experimental results indicated 5–10 % error
of both tools for full-electric vehicles. The article described
errors in transients; both tools were based on power balance
computation that mainly filters out dynamic phenomena in
the powertrain. Furthermore, the time steps of the simulator
solvers were of the order of 1 second, rather long compared
to today’s computer tools. The tools were also applied to the
electro-hybrid case, but the accuracy was low, of the order
of 50 %, because the power contribution from the internal
combustion engine remained unknown. [9]

The Hybrid Vehicle Evaluation Code, HVEC by Lawrence
Livermore National Laboratory, was designed to analyze
full-electric or serial hybrid vehicles. The HVEC was able
to simulate several types of hybrid vehicles. In addition to
electro-hybrid vehicles, fuel cell, ultra-capacitor, and fly-
wheel hybrid vehicles could be analyzed. HVEC simulated
vehicles on predetermined driving cycles (constant 55 mph,
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EPA Federal Urban, and Highway driving cycles are defined
in the input files). The electric motor and drive performance
were determined by efficiency maps. The error was estimated
to be of the order of 10 % in terms of fuel consumption.
In addition to fuel consumption, emissions based on con-
sumption were estimated using tabulated data [12].

It is worthy of note that none of the codes described so
far, including HVEC, were able to model parallel hybrid
vehicles. Although referred to in [13], the codes above are
based on vehicle power balance, meaning that they rely on a
quasi-static solution without balance between different power
sources.

The tool named V-ELPH was built on MATLAB Simulab/
Simulink [14] acknowledging SIMPLEV, MARVEL,
CarSim, and JANUS [15]. V-ELPH permitted the analysis
of parallel hybrid configurations. The simulation tool was
used to analyze the torque split between the internal com-
bustion engine and the electric motor. The control schemes
for the power sources were developed with the simulator.
The analysis required modeling the driveline in more detail
using dynamic equations instead of only power balance. For
a parallel hybrid configuration, the control was interesting
because the internal combustion engine was run at two con-
stant throttle settings (10 % idle, 80 % loaded for speeds over
60 km/h) and the electric drive took care of all the dynamic
loads. The tool was developed to analyze the parallel hybrid
concept car named ELPH, introduced in 1994 [16].

Senger published a validation of the ADVISOR tool by the
National Renewable Energy Laboratory in his Master’s thesis
(see 2.2.2 for more detailed description). An extensive vali-
dation was presented in the thesis: such tools as SIMPLEV,
HVEC, SCM HEV, V-ELPH, and ADVISOR were described
in detail in Senger’s literature review. The simulation results
were compared to experimental results on the Federal Urban
Driving Cycle (FUDS). The simulation results were in a good
agreement with the experimental ones in full-electric mode
(the error was of the order of 1 %). Hybrid mode simulation
results were not however in agreement; problems related to
skewed data and unknown operation logic of the internal
combustion engine power plant were mentioned [17].

The tool named SCM HEV was also developed in
MATLAB and Simulink, and was based on kinematic equa-
tions as well as efficiency maps. It emphasized a modular
approach for powertrain simulation [8].

Butler et al. in [18] introduced a Simulink library devel-
oped for hybrid vehicle simulations. The tool used an induc-
tion motor model taking into account losses [19]. The vector
control was also mentioned in the hybrid vehicle application,
but we assume the induction model used was a torque source
(or a torque sink for energy regeneration) including the losses
defined in lookup tables. The lead acid battery model was
empirically defined [20]. The tool was utilized for hybrid con-
trol system development and estimations of fuel efficiency
and emissions [21]. The solver accuracy and time-stepping
were discussed, and we assume the time step used was of the
order of 1 second.

In order to develop more general modeling tools,
an approach to describe the sub-systems of a hybrid vehicle
as a set of converters or transformers (e.g. the internal com-
bustion engine as a chemical to mechanical converter) was
presented. The converters were non-ideal, including losses
and saturation (e.g. maximum torque). The interconnection
of sub-systems satisfied power balance equations. A scalable
engine model using mean effective pressure was presented.
This was a new approach for hybrid vehicle simulation, which
earlier used fuel efficiencymaps or lookup tables. In addition,
the electric motor model utilized magnetic pressure produc-
ing torque over an air gap. This approach made it possible to
scale or develop dimensionless simulation models. Electric
motors were modeled using physical parameters possibly
for the first time in hybrid powertrain simulation tools. The
models of electric drives remained non-physical [22].

As a summary of the Pre-commercial era, it should be
noted that kinematic equations were developed. Electric com-
ponents were still mostly modeled as torque sources or torque
sinks and current sources or current drains. For example,
the differential-quadrature (dq) formulation commonly used
for electricmachines was notmentioned, nor switching or any
other phenomena for the electric drive. If not constant,
the efficiencies were defined in lookup tables as well as
battery models, which were mostly lookup tables. A typical
battery model contained an internal resistance and state
of charge-dependent voltage. The overall vehicle models
focused primarily on fuel efficiency and only secondarily
on emissions. They did not focus on powertrain as a sys-
tem, nor on its optimization. It should also be noted that
Simulab/Simulink-based tools required a significant effort to
model the physics correctly. As Simulink is based on signal
flow analysis and is meant for control systems, it does not
automatically apply the energy conservation laws or Kirch-
hoff’s law, for example. It is also noteworthy that the cooper-
ation between the internal combustion engine and the electric
drive was not solid in the simulation models, and this was
mentioned as a major source of errors. Hybrid power control
systemswere practically non-existent in the numerical studies
presented.

B. COMMERCIALIZATION ERA (2000–2010): ANALYSIS
OF ELECTRO-HYBRID POWERTRAIN DESIGNS
As hybrid technologies matured, the technological develop-
ments and analysis tools becamemore consolidated, versatile,
and multidisciplinary. In the Commercialization era, tools
were mostly based on Simulink, some on Modelica, or
they were software applications, such as ADVISOR and
Autonomie, using libraries from other software. For the Com-
mercialization era, it is notable that vehicle dynamics became
available in the simulation tools, first as 1D (dimensional)
and later as 3D. However, electric components were still
modeled according to empirical models, and typical battery
models were mostly based on lookup tables. In this section,
the discussion will concentrate on analyzing the simulation
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tools and technologies Modelica, Simulink and Simscape,
ADVISOR, and Autonomie based on existing literature.

1) MODELICA SIMULATION LANGUAGE IN HEV RESEARCH
AND DEVELOPMENT
In the early 1990s, the need for a general system simula-
tion approach for physical systems increased. MATLAB and
Simulink had already shown that a general systemic tool for
simulation had clear advantages compared to dedicated tools
when several subsystems are to be taken into account. The
challenge with Simulink was that it did not utilize a conve-
nient process flow approach, i.e. non-causal model notation,
for formulating the model, but instead causal model nota-
tion, which may cause a physical domain model to become
difficult to interpret. In addition, MATLAB and Simulink
did not have libraries for many physical domains, such as
2D or 3D mechanics or electrical systems. A relatively new
tool, Simscape, filled this lack of non-causal model notation
and physical domain libraries. MATLAB and Simulink, as a
vendor-specific commercial simulation tool, also introduced
an open challenge for third party simulation component and
library developers from a continuation and business point of
view. Therefore, there was clearly a demand for a general
system simulation technology, such as Modelica.

Modelica is a programming language for modeling and
simulation of systems. The main focus has been on physical
systems, such as electric, multibody and hydraulic systems.
The language has object-oriented constructs and a standard
library, which support the exchange of models and domain
libraries. The development of the Modelica language started
in 1996 [23] and has continued actively since that time. The
language specification is open and publicly available. The
current version of the language specification is 3.4 and is
from 2017 [24].

The philosophy of Modelica is to provide a unified pro-
gramming andmodeling language specification together with
a standard library [25]. The language specification and the
implementations of the specification are separated; thus in
principle, models made with the Modelica language can
be simulated with any simulation tool that implements the
Modelica specification [26], [27]. At the time of writing of
this article, there are several commercial and open source
tools that either fully or partially implement the language
specification, such as Dymola, SimulationX, OpenModelica
and JModelica.

While the Modelica language itself has been evolving,
the modeling and simulation tools and the simulation domain
libraries have also been developing rapidly. The Modelica
Standard Library (MSL) contains separate libraries for gen-
eral components, such as mathematical operations, units and
constants, as well as for several physical domains, such
as electric, magnetic, mechanical and 1-dimensional fluid
flow. The comprehensive coverage of different engineering
domains is the primary advantage of Modelica [28]. In addi-
tion to the standard library, there are also several engineering
domain specific libraries for electric powertrain and HEVs,

such as Vehicle Dynamic Library, Power Train Library, Smart
Electric Drives Library and VehicleInterfaces library. The
high-level libraries enable efficient modeling of complex
systems and improve model exchange and reuse of model
components and sub-models. The rapid development indi-
cates how the Modelica community has understood the value
of standardization and open specification. The open structure
of the language and the standard library are good examples
of this. The open source VehicleInterfaces library takes this
even further by specifying standards for the interfaces of the
vehicle subsystems and thus enabling easy and straightfor-
ward exchange of subsystem models. This enables a fluent
simulation-based development process in the modern sub-
contracting ecosystem, in which different parties have their
own specific roles [29]–[32].

2) ADVISOR
In 1994 [33], the Advanced Vehicle Simulator (ADVISOR)
was created by the National Renewable Energy Laboratory as
an advanced vehicle simulator designed to support the U.S.
Department of Energy hybrid propulsion system program.
This software was written in the MATLAB and Simulink
environment and it was freely distributed via the Internet.
ADVISOR was developed to use basic kinematic equations
to describe the powertrain dynamics. It was probably the first
tool accepting efficiency maps for all the powertrain com-
ponents. In contrast to the efficiency map implementation,
earlier studies treated electric drive or transmission either
as ideal or including proportional losses only. Similarly to
efficiencies, the emissions (hydrocarbons, carbon monoxide,
nitrogen oxides) were given as operating point dependent
maps. ADVISOR accepted practically all imaginable electro-
hybrid powertrain combinations. ADVISOR was explained
to operate in ‘‘quasi-steady’’ mode, meaning that transients
cannot be arbitrarily fast or disruptive.

According to [33], the software simulates vehicle per-
formance between 1.7 and 8.0 times faster than a com-
parable benchmark model. Already in 1999, this software
provided the opportunity (compared to other available soft-
ware) to simulate new vehicle configurations (including par-
allel HEVs and conventional) and to develop vehicle control
strategies. In addition, the software allowed the utilization
of standard driving cycles and estimation of fuel economy,
emissions and maximum-effort acceleration capability via
drivetrain component performance.

The ADVISOR software utilized a hybrid backward/
forward approach in its stream of calculations. The backward
facing stream of calculations handles the component perfor-
mance limits, in addition to a simple forward-facing stream
of calculations. This approach allowed the user to accurately
represent vehicle operation under a multitude of operating
scenarios without the need to iterate [33].

In ADVISOR, two levels are accessible for user mod-
ification, via a graphical user interface and via a block
diagram level (Simulink). This allowed ADVISOR’s users
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to contribute their own component data to the ADVISOR
library [3].

It was mentioned in [3] that ADVISOR was developed as
an analysis tool, not a design tool. Its component models
are quasi-static, and should not be utilized alone to predict
phenomena with time scales less than one tenth of a second.
According to [33], ADVISOR, despite its fast computation
ability (of the order of 1/75th real time [3]), was unfortunately
characterized by inaccuracies in dynamic simulation appli-
cations. This software was utilized to evaluate and design
control logic by iterative evaluation and various energy man-
agement strategies and vehicle system optimization studies.
For example, [34] demonstrated parametric studies for high-
efficiency vehicles (with a target to achieve threefold the
fuel economy of a conventional vehicle) with a combined
city/highway fuel economy.

The component models in ADVISOR are empirical and
based on test data [3], which allows for linear scaling [34]
of components. These component models can be extended
and improved by the user. However, creating new models
required deep knowledge and familiarity with Simulink [35].
A number of tutorials [35] demonstrated that the limited func-
tionality of ADVISOR can be improved by links to other soft-
ware and by performing a so-called co-simulation option with
the ADAMS, Saber and SIMPLORER software applications.
However, only a limited number of papers demonstrated the
use and realization of the suggested co-simulations [36], [37].
During this era, the component models, e.g. on battery [38],
became physic based, detailed and computationally intensive.

3) AUTONOMIE
Starting from the early 2000s, the System Modeling and
Control Group at the ArgonneNational Laboratory developed
integrated tools to evaluate the impact of vehicle topology and
technological solutions from the control and energy point of
view. The first tool was introduced in 1999 and was called the
Powertrain System Analysis Toolkit (PSAT). It was widely
utilized in the automotive industry as well as in academic
research [39]. A partnership between General Motors and the
Argonne National Laboratory resulted in enhancement of the
simulation capabilities of PSAT and the creation of a new tool
now known as Autonomie.

Autonomie is a MATLAB-based software environment
and framework for automotive control system design, simu-
lation and analysis. According to the developers, Autonomie
supports flexible adjustment and industrialization of models
and is utilized for simulating conventional vehicles, HEVs,
plug-in hybrid electric vehicles, and battery-electric vehi-
cles over vehicle drive-cycles to quantify energy use and
emissions [40], [41]. Autonomie includes public databases,
such as plant models, vehicle level controllers, powertrain
configurations, systems and vehicle templates, drive cycles,
processing scripts and post-analysis tools.

Autonomie can be linked to other commercial off-the-
shelf software applications for further detailed and physics-

based models, including GT-POWER [42], AMESim [43],
CarSim [44], and AVL-DRIVE [45].

Autonomie has the reputation of a validated powertrain-
modeling tool capable of simulating the advanced hardware
and control features of various vehicle powertrains. For exam-
ple, in [46] two types of powertrains were compared to assess
local and highway driving performance with help of the
Autonomie software.

The CarSim vehicle dynamics simulation tool has become
a part of the Autonomie powertrain software release. A sig-
nificant number of papers have demonstrated the usabil-
ity of CarSim [47], [48]. For example, Joshi [49] imple-
mented a real-time version of the path-following lateral con-
troller for automated driving applications and validated it
on a powertrain-based longitudinal controlled hardware-in-
the-loop (HIL) setup. The authors quantified the real-time
behavior and sensitivity of the proposed controller to varying
vehicle speeds, payload masses, payload positions, surface
types and friction values, rapid acceleration and deceleration,
and crosswinds. In [50], a forward-facing powertrain simula-
tion tool named the Powertrain Analysis and Computational
Environment (PACE) was introduced. This tool is ready for
a High-Performance Computing (HPC) environment and is
reusing Autonomie vehicle models.

4) SIMULINK AND SIMSCAPE IN HEV RESEARCH
AND DEVELOPMENT
The software tools MATLAB, Simulink and Simscape
(since 2007) have been utilized in HEV modeling and simu-
lation throughout the new age of electrical vehicles. Simulink
provides analysis capabilities for developing control systems
and testing system-level performance. Simscape enables the
user to create models of physical systems within the Simulink
environment. For example, the user can build physical com-
ponent models, connect them, and integrate with other physi-
cal models or control systems. Basic models, such as electric
motors, bridge rectifiers, hydraulic actuators, and refrigera-
tion systems, are available. In addition, the user can create
custom component models utilizing MATLAB and combine
them with ready-made models from the component library.
C-code generation is supported, allowing the user to deploy
models in e.g. simulation environments, hardware-in-the-
loop (HIL) systems, and controllers. Simscape was utilized
for component optimization, such as battery stack [51], super-
capacitor [52], and hydrostatic transmission [53]. It was also
used to develop control and energy management strategies:
dynamic behavior in order to establish appropriate energy
management strategies [54], and rule-based supervisory con-
trol strategy [55]. In 2016, the Powertrain Blockset for
Simscape was introduced, which can also be used for model-
ing and simulation of electrical and hybrid powertrains [56].

As a summary, the Commercialization era brought the
simulation tools to a level almost as sophisticated as hybrid
and electric cars were. It was possible to analyze power split
devices, arbitrary component efficiency, etc. Furthermore,
the computational analysis was fast, faster than real time.
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However, high speed transients and sophisticated control sys-
tems were still missing from common use.

C. COMPETITION ERA (2010S ONWARDS)
By 2017, over two million fully electric cars had been
sold [57]. Hybrids have sold more than 12 million units
globally [58] and four million in the USA [59]. Toyota alone
has sold more than 10 million hybrid cars [60]. The pace is
fast, and the figures given here are likely to be outdated by
the time of publication.

Continuous improvement of powertrain designs requires
sophisticated tools. Therefore, the Competition era can be
characterized by the boom of multi-domain and multi-
application software tools for automotive applications. The
available software provides easy integration of models with
varying levels of detail and with user-friendly graphical user
interfaces which can be linked to other commercial off-the-
shelf software tools [61], [62].

1) CONCENTRATION OF ENGINEERING SOFTWARE
BUSINESS
The consolidation of software vendors has led to the offering
of multi-physics modeling and simulation packages. These
packages can be used for various purposes from modeling
a detail to a full vehicle system. They can also be com-
bined with experimental results acquired from prototypes.
The physical prototypes and virtual models have partially
been merged. The user interfaces are extending to virtual
reality [63], [64].

A model of a modern vehicle includes possibly several
power sources, electric systems, controls, mechanics, and
exhaust gas after-treatment. Themodel must represent system
level multi-physics in order to cover the relevant phenom-
ena and achieve reasonable results in powertrain topology
comparisons. In order to guarantee high-fidelity simulation
results e.g. in emissions, a simulation model should describe
transient behavior and the actions of various control systems
with a sufficient accuracy. System simulation software appli-
cations offer a wide selection of components and subsystems,
many of them validated and parameterized by software ven-
dors. The user is responsible for identifying or selecting the
right parameters for the application in hand [65], [66].

Broad and sufficiently accurate computer models have
made it possible to launch such approaches as virtual val-
idation, and recently a digital twin. The automotive and
aerospace industries have been considered as forerunners
in virtual validation. Advances in computer science have
given cost-intensive industrial production an opportunity to
minimize the costs associated with prototyping [67]. Recent
advances in communication technologies have initiated the
concept of a digital twin [68]. The approach may be con-
sidered as an extended hardware or software-in-the-loop
approach enhanced by modern communication technologies.
The approach is still relevant, e.g. one battery state-of-charge
estimation development was carried out with a battery-in-the-
loop method [69].

Even as existing simulation platforms dominate and
consolidate the tools, new simulation tools also appear;
these tools aim at faster simulation speed and integration
of hardware-in-the-loop [70], [71]. Whereas the design opti-
mization of hybrid vehicles may have transferred to a mature
industrial stage, vehicle operation optimization research is
booming. Computational power allows the application of
sophisticated powertrain control strategies. Today, simula-
tors are extensively used to develop the optimal usage of
power sources in hybrid vehicles, e.g. model-predictive con-
trol (MPC) [72], [73].

III. FINDINGS AND DISCUSSION
In this study, powertrain development tools are described in
three age categories:

• Pre-commercial era (∼1980s–1990s)
• Commercialization era (2000–2010)
• Competition era (2010s)

These simulation tools could also be characterized as:
• Based on MATLAB, Simulink and Simscape: library
packages for Simscape (2007), V-EHLP, PSAT,
ADVISOR, Autonomie.

• Based on Modelica: Dymola, SimulationX, OpenMod-
elica, JModelica.

• Based on their own platform.
In Modelica, the standardization of vehicle subsystem

interfaces is an example of the shift towards distributed mod-
eling in a sub-contracting ecosystem. The philosophy of the
Modelica language supports the reuse, exchange and switch-
ing of components; all this improves the overall efficiency of
the modeling and simulation process. In ADVISOR, the com-
ponent models are quasi-static. The philosophy of ADVISOR
supports reuse, exchange and switching of components based
on empirical data; all this allows a fast and efficient modeling
and simulation process for simple optimization of drivetrains
and development of control systems. However, there has been
an increasing trend in the development of simulation tools

FIGURE 1. The number of publications per year related to powertrain
development and utilized simulation tools.
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during the past thirty years in order to meet requirements
in powertrain designs. This boom can also be observed in
publication history. Figure 1 presents the number of publi-
cations per year related to powertrain development and the
utilized simulation tools based on documents available in the
IEEExplore digital library.

The overall improvements include transition from basic
power balance to kinematic models, from kinematic to
detailed models. On the component level, the improvements
mean moving from electric motor models with limited torque
and power levels to detailed models describing the actual
physics involved. These improvements allow interplay and
interconnection between models.

Figure 2 illustrates simulation tools versus manufac-
tured or released cars on the market. Over the past thirty
years, simulation tools went through three eras in develop-
ment: Pre-commercial (∼1980s–1990s), Commercialization
(2000–2010) and Competition (2010s). Based on Figure 2,
the simulation tool usage since the end of the twentieth
century is linked to the development of the electro-hybrid
car market. There is room for growth. Electric vehicles in
the USA currently represent just 1 % of total new sales.
Politicians in the EU are considering a ban on the production
of new petrol and diesel cars by 2040 [74], China says that
10 % of the cars it produces by 2019 must be zero-emission
vehicles [75]. The world’s largest car makers aim to meet the
needs of manufacturing and producing new hybrid and elec-
tric vehicle designs. Obviously, this requirement motivates
the development of future simulation tools.

FIGURE 2. The powertrain development and utilized simulation tools
versus manufactured or released cars on the market.

IV. FUTURE OUTLOOK
It is obvious that increasingly complex vehicles require
increasingly complex simulation tools. Component and sub-
system libraries are one way of improving modeling and
simulation process efficiency, and increasing reuse of models
and components. This seems to be an active trend especially
in the case of tools with component-based approaches and
supporting user-defined component libraries. Examples of
modeling and simulation tools in this category are MATLAB,
Simulink and Simscape, and tools based on the Modelica
language. In general, simulation is evolving from dedicated
single-domain simulation tools towards general tools sup-
porting multi-domain modeling and simulation. There are
clear advantages in the multi-domain approach, such as
taking all the necessary subsystems into account in simu-
lation, whether they are related to e.g. electric or hybrid
powertrains or not. Whereas the models have mainly been
based on physics, maps, and lookup-tables, we foresee the
emergence of data-driven models in the future. The devel-
opment is a probable consequence of the machine learning
boom.

Computation is becoming more integrated in product
development and it is becoming the driver of development.
Simulation-based R&D is becoming the dominant approach.
There are several motivations for increasing the use of
computational approaches, such as the ability to shorten a
product’s time to market, the ability to efficiently design
complex products and systems, and the continuous pressure
on decreasing product development costs. Therefore, themar-
ket demands efficient R&D processes with minimal numbers
of physical prototypes. Simulation-based product develop-
ment enables efficient concurrent design and engineering,
which is an effective way of shortening the time to market.
Multi-domain simulation together with mathematical opti-
mization provides a convenient and efficient way to design
complex products. A short development cycle together with
computational optimization allows cost efficient product
development.

The assortment of simulation tools in R&D is already
wide and it is growing. In general, software tools nowa-
days include several domains, such as mechanics, electrical
systems, control systems, and code generation. The role of
statistical analysis is decreasing in favor of physical time-
domain simulation. Increasing computing power, progress in
computing technology (e.g. in parallelization), and especially
improving computing cost-efficiency make it possible to shift
to massive time-domain analyses.

In the future, we should expect further fusion, which
will consist of integrating software with communica-
tion possibilities. Internet of Things data and simula-
tion models can be connected in so-called co-simulation:
a virtual world implemented as a parallel world dig-
ital twin [68], in which data from the outside real
world is used for updating the virtual model to achieve
better predictions and diagnostics of the real-world
counterpart.
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In modern vehicles, software has become an important part
of the overall product. Software is controlling the engine and
its subsystems, power transmission, vehicle dynamics and
the controls and entertainment in the passenger compartment.
Developing and testing software together with other subsys-
tems has become common practice. Further improvements
to this approach will include hardware-in-the-loop, hybrid
simulation and overall vehicle virtual prototyping, which are
becoming acceptable and sophisticated tools for future pow-
ertrain developments. Hardware-in-the-loopwill also develop
from current laboratory setups, because enhanced connectiv-
ity (e.g. 5G mobile data) allows measuring vehicles in use.

In a simulation process, the creation of the simulation
model is often the most time-consuming phase. Remarkable
improvements in the efficiency of the modeling phase are
expected already in the relatively near future. In the long term,
design automation will also be increased in modeling and
simulation. Automated or at least assisted generation of simu-
lationmodels will increasingly enable fast virtual prototyping
and model modification. The automated features will merge
together with artificial intelligence development. Continued
and fast progress in computer technology will enable simu-
lation to move from running limited sets of simulation cases
and parameter combinations to large computational studies
that will produce statistically relevant sets of data. This, on the
other hand, will change the simulation post-processing from
making conclusions based on data visualization to using data
analytics and advanced data analysis methods for gaining
relevant new information out the vast data mass.

V. CONCLUSION
Increasing environmental awareness and growing air quality
problems in large cities have created demands to develop
alternatives for internal combustion engines in vehicles.
Hybrid electric and full electric vehicles have become the
target for increasingly active research and development,
in which it has been shown that the application of simulation
in electric vehicle R&D has proved to be an efficient way
of working. When comparing the historical developments
in simulation tools it was observed that they have evolved
from dedicated modeling and simulation tools towards gen-
eral multi-system simulation tools, with increasingly detailed
component models and accurate physics.

The literature review illustrated research activities divided
into three eras: the Pre-commercial era (∼1980s–1990s),
the Commercialization era (2000–2010), and the Competi-
tion era (2010s). In the first era, conceptual electric pow-
ertrain designs were developed. These designs boosted the
development of the tools for analysis and revealed potential
benefits of hybrid powertrains, and addressed various electro-
hybrid vehicle concepts. Modeling and simulation tools have
evolved remarkably since the 1990s.

The second era brought improvements in software
applications, computational resources, and in the overall
development process. The second era was characterized by
the enhanced physical behavior of powertrain components.

The third era was opened by the introduction of Tesla’s elec-
tric cars and has concentrated on continuous improvement of
powertrain design.

In the third era, a simulation-based development approach
has become more popular, and the role of simulation in
R&D has increased; there has been clear change in the R&D
paradigm. Powertrain development has become more inte-
grated first with the vehicle, then with the software. With
increasing communication and update possibilities, the devel-
opment is also more and more connected outside the vehicle.

In the future, system simulation will have an even stronger
role in hybrid powertrain R&D. The progress in computing
technology is steady and the development in computational
R&D is moving towards large computational studies and
application of advanced data analytics. All this can accelerate
the development of complex systems, such as electric and
hybrid vehicles, shorten the time to market and enable more
complex systems to be developed efficiently.

REFERENCES
[1] The National Archives, U.K. Environmental Protection Act 1990.

Accessed: Mar. 8, 2018. [Online]. Available: http://www.legislation.
gov.uk/ukpga/1990/43/contents/enacted

[2] DieselNet. United States: Nonroad Diesel Engines, Tier 4 Emission Stan-
dards. Accessed: Mar. 8, 2018. [Online]. Available: https://www.dieselnet.
com/standards/us/nonroad.php#tier4

[3] D. W. Gao, C. Mi, and A. Emadi, ‘‘Modeling and simulation of electric
and hybrid vehicles,’’ Proc. IEEE, vol. 95, no. 4, pp. 729–945, Apr. 2007,
doi: 10.1109/JPROC.2006.890127.

[4] International Energy Agency. (2017). Global EV Outlook 2017:
Two Million and Counting. Accessed: Oct. 16, 2017. [Online].
Available: https://www.iea.org/publications/freepublications/publication/
GlobalEVOutlook2017.pdf

[5] Wikipedia. (2017). Hybrid Electric Vehicle/Sales and Rankings,
From Wikipedia, the Free Encyclopedia. Accessed: Oct. 16, 2017.
[Online]. Available: https://en.wikipedia.org/wiki/Hybrid_electric
_vehicle#Sales_and_rankings

[6] J. Cobb. (2017). Americans Buy Their Four-Millionth Hybrid Car, Hybrid-
Cars Website. Accessed: Oct. 16, 2017. [Online]. Available: http://www.
hybridcars.com/americans-buy-their-four-millionth-hybrid-car/

[7] G. H. Cole, ‘‘SIMPLEV: A simple electric vehicle simulation pro-
gram, version 1.0,’’ EG and G Idaho, Inc., Nampa, ID, USA,
Tech. Rep. DE94015257, 1991.

[8] C. Braun and D. Busse, ‘‘A modular simulink model for hybrid electric
vehicles,’’ SAE Tech. Paper 961659, 1996, doi: 10.4271/961659.

[9] M. Cuddy, ‘‘A comparison of modeled and measured energy
use in hybrid electric vehicles,’’ SAE Tech. Paper 950959,
1995. Accessed: Apr. 17, 2018. [Online]. Available:
https://www.nrel.gov/docs/legosti/old/7444.pdf, doi: 10.4271/950959.

[10] (2017). CARSIM. Accessed: Aug. 10, 2017. [Online]. Available:
https://www.carsim.com/products/carsim/index.php

[11] (2018). HEV Challenge. Accessed: Jan. 10, 2018. [Online]. Available:
http://avtcseries.org/competitions/hev-challenge/

[12] S. Aceves and J. R. Smith, ‘‘A hybrid vehicle evaluation code and
its application to vehicle design,’’ SAE Tech. Paper 950491, 1995,
doi: 10.4271/950491.

[13] T. D. Gillespie, Fundamentals of Vehicle Dynamics. Warrendale, PA, USA:
SAE International, 1992.

[14] K. L. Butler, K. M. Stevens, and M. Ehsani, ‘‘A versatile computer simula-
tion tool for design and analysis of electric and hybrid drive trains,’’ SAE
Tech. Paper 970199, 1997, doi: 10.4271/970199.

[15] J. R. Bumby, P. H. Clarke, and I. Forster, ‘‘Computer modelling of the
automotive energy requirements for internal combustion engine and battery
electric-powered vehicles,’’ IEE Proc.-Phys. Sci., Meas. Instrum., Manage.
Educ.-Rev., vol. 132, no. 5, pp. 265–279, 1985.

[16] M. Ehsani, ‘‘Introduction to ELPH: A parallel hybrid vehicle concept,’’ in
Proc. ELPH Conf., College Station, TX, USA, Oct. 1994, pp. 17–38.

VOLUME 6, 2018 35257

http://dx.doi.org/10.1109/JPROC.2006.890127
http://dx.doi.org/10.4271/961659
http://dx.doi.org/10.4271/950959
http://dx.doi.org/10.4271/950491
http://dx.doi.org/10.4271/970199


K. Tammi et al.: Thirty Years of Electro-Hybrid Powertrain Simulation

[17] R. D. Senger, ‘‘Validation of ADVISOR as a simulation tool for a
series hybrid electric vehicle using the virginia tech FutureCar lumina,’’
M.S. thesis, Virginia Polytech. Inst. State Univ., Blacksburg, VA, USA,
1997.

[18] K. L. Butler, M. Ehsani, and P. Kamath, ‘‘A MATLAB-based modeling
and simulation package for electric and hybrid electric vehicle design,’’
IEEE Trans. Veh. Technol., vol. 48, no. 6, pp. 1770–1778, Nov. 1999,
doi: 10.1109/25.806769.

[19] M. Ehsani, K. M. Rahman, and H. A. Toliyat, ‘‘Propulsion system design
of electric and hybrid vehicles,’’ IEEE Trans. Ind. Electron., vol. 44, no. 1,
pp. 19–27, Feb. 1997.

[20] S. Moore and M. Eshani, ‘‘An empirically based electrosource horizon
lead-acid battery model,’’ SAE Tech. Paper 960448, Feb. 1996.

[21] M. Ehsani, Y. Gao, and K. L. Butler, ‘‘Application of electrically peak-
ing hybrid (ELPH) propulsion system to a full-size passenger car with
simulated design verification,’’ IEEE Trans. Veh. Technol., vol. 48, no. 6,
pp. 1779–1787, Nov. 1999, doi: 10.1109/25.806770.

[22] G. Rizzoni, L. Guzzella, and B.M. Baumann, ‘‘Unifiedmodeling of hybrid
electric vehicle drivetrains,’’ IEEE/ASME Trans. Mechatronics, vol. 4,
no. 3, pp. 246–257, Oct. 1999, doi: 10.1109/3516.789683.

[23] S. E. Mattsson, H. Elmqvist, and J. F. Broenink, ‘‘Modelica—An interna-
tional effort to design the next generation modeling language,’’ IFAC Proc.
Volumes, vol. 30, no. 4, pp. 151–155, 1997.

[24] Modelica Association. (Apr. 10, 2017). Modelica—A Unified Object-
Oriented, Language for Systems Modeling, Language Specification, Ver-
sion 3.4. Accessed: Jan. 2, 2018. [Online]. Available: https://www.
modelica.org/documents/ModelicaSpec34.pdf

[25] S. E.Mattsson, H. Elmqvist, andM.Otter, ‘‘Physical systemmodelingwith
Modelica,’’ Control Eng. Pract., vol. 6, no. 4, pp. 501–510, 1998.

[26] M. Otter, M. Remelhe, S. Engell, and P. Mosterman, ‘‘Hybrid models
of physical systems and discrete controllers,’’ Automatisierungstechnik,
vol. 48, no. 9, p. 426, 2000.

[27] H. Elmqvist, S. E. Mattsson, and M. Otter, ‘‘Object-oriented and hybrid
modeling in modelica,’’ J. Eur. Syst. Autom., vol. 35, no. 4, pp. 395–404,
2001.

[28] S. Buerger, B. Lohmann, M. Merz, B. Vogel-Heuser, and
M. Hallmannsegger, ‘‘Multi-objective optimization of hybrid electric
vehicles considering fuel consumption and dynamic performance,’’ in
Proc. IEEEVehicle Power Propuls. Conf., Sep. 2010, pp. 1–6, doi: 10.1109/
VPPC.2010.5729128.

[29] Y. Hirano, S. Inoue, and J. Ota, ‘‘Model-based development of future small
EVs using modelica,’’ in Proc. 10th Int. Modelica Conf., 2014, pp. 63–70,
doi: 10.3384/ECP1409663.

[30] F. Rettig, H. F. Awad, and T. Smetana, ‘‘Modeling of an electric axle drive
with modelica: A study of electric active dynamics,’’ in Proc. 10th Int.
Modelica Conf., 2014, pp. 71–78, doi: 10.3384/ECP1409671.

[31] Y. Hirano, S. Inoue, and J. Ota, ‘‘Model based development of future small
electric vehicle by modelica,’’ in Proc. 11th Int. Modelica Conf., 2015,
pp. 143–150, doi: 10.3384/ecp15118143.

[32] F. L. J. van der Linden and J. Tobolár, ‘‘Modelling of torque-vectoring
drives for electric vehicles: A case study,’’ in Proc. 11th Int. Modelica
Conf., 2015, pp. 151–158.

[33] K. B. Wipke, M. R. Cuddy, and S. D. Burch, ‘‘ADVISOR 2.1:
A user-friendly advanced powertrain simulation using a combined back-
ward/forward approach,’’ IEEE Trans. Veh. Technol., vol. 48, no. 6,
pp. 1751–1761, Nov. 1999.

[34] K. B. Wipke and M. R. Cuddy, ‘‘Using an advanced vehicle simulator
(ADVISOR) to guide hybrid vehicle propulsion system development,’’
Nat. Renew. Energy Lab., Golden, CO, USA, Tech. Rep., 1996. [Online].
Available: http://www.nrel.gov/docs/legosti/fy96/21615.pdf

[35] A. Brooker et al. (2013). ADVISOR Documentation.
Accessed: Oct. 2, 2017. [Online]. Available: http://adv-vehicle-sim.
sourceforge.net/advisor_doc.html

[36] K. Wipke, ‘‘Linking ADAM S/car and ADVISOR for advanced vehicle
evaluation,’’ in Proc. Int. ADAMS Users Conf., 2000.

[37] J. MacBain, J. Conover, and V. Johnson, ‘‘Co-simulation of electrical and
propulsion systems,’’ SAE Tech. Paper 2001-01-2533, 2001. [Online].
Available: https://doi.org/10.4271/2001-01-2533 and https://www.sae.
org/publications/technical-papers/content/2001-01-2533/

[38] V. H. Johnson, ‘‘Battery performance models in ADVISOR,’’ J. Power
Sources, vol. 110, no. 2, pp. 321–329, 2002.

[39] L. Vanfretti and F. Milano, ‘‘Application of the PSAT, an open source
software, for educational and research purposes,’’ in Proc. IEEE Power
Eng. Soc. Gen. Meeting, Jun. 2007, pp. 1–7.

[40] A. Aziz, M. S. Shafqat, M. A. Qureshi, and I. Ahmad, ‘‘Performance
analysis of power split hybrid electric vehicles using autonomie,’’ in Proc.
IEEE Student Conf. Res. Develop., Dec. 2011, pp. 144–147.

[41] D. Lee, A. Rousseau, and E. Rask, ‘‘Development and validation of the
ford focus battery electric vehicle model,’’ SAE Tech. Paper 2014-01-
1809, Apr. 2014. [Online]. Available: https://www.sae.org/publications/
technical-papers/content/2014-01-1809/

[42] GT. (2017). GT-POWER Engine Simulation Software. Accessed:
Aug. 10, 2017. [Online]. Available: https://www.gtisoft.com/gt-suite-
applications/propulsion-systems/gt-power-engine-simulation-software

[43] Siemens. (2017). LMS Imagine. Lab Amesim. Accessed: Aug. 10, 2017.
[Online]. Available: https://www.plm.automation.siemens.com/en/
products/lms/imagine-lab/amesim/

[44] (2017). CarSim. Accessed: Aug. 10, 2017. [Online]. Available:
https://www.carsim.com/products/carsim/index.php

[45] AVL. (2017). AVL-DRIVE 4 Driveability Engineering and Simulation.
Accessed: Aug. 10, 2017. [Online]. Available: https://www.avl.com/
driveability/-/asset_publisher/gYjUpY19vEA8/content/avl-drive-4-?
inheritRedirect=false&redirect=https%3A%2F%2Fwww.avl.com%3A443
%2Fdriveability%3Fp_p_id%3D101_INSTANCE_gYjUpY19vEA8%26p
_p_lifecycle%3D0%26p_p_state%3Dnormal%26p_p_mode%3Dview
%26p_p_col_id%3Dcolumn-2%26p_p_col_count%3D1

[46] A. Emadi, Advanced Electric Drive Vehicles. Boca Raton, FL, USA:
CRC Press, 2017.

[47] E. Khalili, J. Ghaisari, and M. Danesh, ‘‘Control and analysis of the
vehicle motion using sliding mode controller and Carsim software,’’ in
Proc. 5th Int. Conf. Control, Instrum., Autom. (ICCIA) Control, 2017,
pp. 1–5.

[48] T. Hwang et al., ‘‘Development of HILS systems for active brake control
systems,’’ in Proc. SICE-ICASE Int. Joint Conf., 2006, pp. 4404–4408.

[49] A. Joshi, ‘‘Real-time implementation and validation for automated path
following lateral control using hardware-in-the-loop (HIL) simulation,’’
SAE Tech. Paper 2017-01-1683, 2017, doi: 10.4271/2017-01-1683.

[50] T. Haupt et al., ‘‘Powertrain analysis and computational environment
(PACE) for multi-physics simulations using high performance comput-
ing,’’ SAE Tech. Paper 2016-01-0308, 2016, doi: 10.4271/2016-01-0308.

[51] F. A. Rusu and G. Livint, ‘‘Estimator for a pack of lithium-ion cell,’’
in Proc. 20th Int. Conf. Syst. Theory, Control Comput. (ICSTCC), 2016,
pp. 573–577.

[52] H.Miniguano, A. Barrado, C. Raga, A. Lázaro, C. Fernández, andM. Sanz,
‘‘A comparative study and parameterization of supercapacitor electrical
models applied to hybrid electric vehicles,’’ in Proc. Int. Conf. Electr.
Syst. Aircraft, Railway, Ship Propuls. Road Vehicles Int. Transp. Electrific.
Conf. (ESARS-ITEC), 2016, pp. 5–10.

[53] Z. Zhou, J. Zhang, Z. Guo, and L. Xu, ‘‘Modeling and simulation of
hydro-mechanical continuously variable transmission system based on
Simscape,’’ in Proc. Int. Conf. Adv. Mechatronic Syst., 2015, pp. 22–24.

[54] K. Reeves, A. Montazeri, and C. J. Taylor, ‘‘Model development and
energy management control for hybrid electric race vehicles,’’ in Proc.
UKACC 11th Int. Conf. Control (CONTROL), 2016, pp. 1–6.

[55] S. A. Anbaran, N. R. N. Idris, M. Jannati, M. J. Aziz, and I. Also-
fyani, ‘‘Rule-based supervisory control of split-parallel hybrid electric
vehicle,’’ in Proc. IEEE Conf. Energy Convers. (CENCON), Oct. 2014,
pp. 7–12.

[56] MatWorks. (2016). MathWorks Introduces Powertrain Blockset,
MathWorks Newsroom. Accessed: Nov. 8, 2017. [Online]. Available:
https://se.mathworks.com/company/newsroom/mathworks-introduces-
powertrain-blockset.html

[57] International Energy Agency. (2017). Global EV Outlook 2017:
Two Million and Counting. Accessed: Oct. 16, 2017. [Online].
Available: https://www.iea.org/publications/freepublications/publication/
GlobalEVOutlook2017.pdf

[58] Wikipedia. (2017). Hybrid Electric Vehicle/Sales and Rankings, From
Wikipedia, the Free Encyclopedia. Accessed: Oct. 16, 2017. [Online].
Available: https://en.wikipedia.org/wiki/Hybrid_electric_vehicle#Sales
_and_rankings

[59] J. Cobb. (2017). Americans Buy Their Four-Millionth Hybrid Car,
Hybridcars Website. Accessed: Oct. 16, 2017. [Online]. Available:
http://www.hybridcars.com/americans-buy-their-four-millionth-hybrid-
car/

[60] Toyota Europe Newsroom, Toyota. (2017). Worldwide Sales of Toyota
Hybrids Surpass 10 Million Units. Accessed: Oct. 16, 2017. [Online].
Available: http://newsroom.toyota.eu/global-sales-of-toyota-hybrids-
reach-10-million/

35258 VOLUME 6, 2018

http://dx.doi.org/10.1109/25.806769
http://dx.doi.org/10.1109/25.806770
http://dx.doi.org/10.1109/3516.789683
http://dx.doi.org/10.1109/VPPC.2010.5729128
http://dx.doi.org/10.1109/VPPC.2010.5729128
http://dx.doi.org/10.3384/ECP1409663
http://dx.doi.org/10.3384/ECP1409671
http://dx.doi.org/10.3384/ecp15118143
http://dx.doi.org/10.4271/2017-01-1683
http://dx.doi.org/10.4271/2016-01-0308


K. Tammi et al.: Thirty Years of Electro-Hybrid Powertrain Simulation

[61] F. Millo, L. Rolando, and M. Andreata, ‘‘Numerical simulation for vehicle
powertrain development,’’ in Numerical Analysis: Theory & Applications,
J. Awrejcewicz, Ed. Rijeka, Croatia: InTech, 2011, p. 646.

[62] Z. Fu, G. Hou, and A. Gao, ‘‘Modeling and simulation for parallel hybrid
electric vehicle powertrain,’’ in Proc. IEEE Conf. Expo Transp. Electrific.
Asia–Pacific (ITEC Asia–Pacific), Aug. 2014, pp. 114–117.

[63] Siemens PLM Software. (2017). Vehicle Dynamics Control
Simulation. Accessed: Oct. 2, 2017. [Online]. Available: https://www.
plm.automation.siemens.com/en/products/lms/imagine-lab/automotive/
vehicle-dynamics/control.shtml

[64] AVL LISTGmbH. (2017). AVLCRUISE. Accessed: Oct. 2, 2017. [Online].
Available: https://www.avl.com/cruise

[65] T. Katrašnik and J. C. Wurzenberger, ‘‘Development of advanced conven-
tional and hybrid powertrains by mechanistic system level simulations,’’
Procedia-Soc. Behav. Sci., vol. 48, pp. 3371–3388, 2012.

[66] T. Katrašnik and J. C.Wurzenberger, ‘‘Optimization of hybrid power trains
by mechanistic system simulations,’’ Oil Gas Sci. Technol., vol. 68, no. 1,
pp. 35–50, 2013.

[67] A. Serester, G. Hidas, G. Szögi, and P. Galambos, ‘‘Testing and verification
through virtual product models: A survey and look ahead,’’ in Proc. IEEE
19th Int. Conf. Intell. Eng. Syst. (INES), Sep. 2015, pp. 141–145.

[68] M. Grieves and J. Vickers, ‘‘Digital twin: Mitigating unpredictable, unde-
sirable emergent behavior in complex systems,’’ in Transdisciplinary Per-
spectives on Complex Systems. Melbourne, FL, USA: Florida Institute of
Technology, 2016.

[69] E. Tara, S. Filizadeh, and E. Dirks, ‘‘Battery-in-the-loop simulation of a
planetary-gear-based hybrid electric vehicle,’’ IEEE Trans. Veh. Technol.,
vol. 62, no. 2, pp. 573–581, Feb. 2013.

[70] M. El Mongi et al., ‘‘Heterogeneous model integration and virtual exper-
imentation using xMOD: Application to hybrid powertrain design and
validation,’’ in Proc. 7th EUROSIM Congr. Modeling Simulation, Prague,
Czech Republic, Sep. 2010, pp. 94–101.

[71] S. Joshi, ‘‘Modeling and hardware-in-the-loop simulation of power-
split hybrid electric vehicles,’’ M.S. thesis, Dept. Mech. Eng.-
Eng. Mech., Michigan Technol. Univ., Houghton, MI, USA, 2013.
Accessed: Oct. 16, 2017. [Online]. Available: http://digitalcommons.
mtu.edu/etds/824

[72] J. Yang and G. G. Zhu, ‘‘Model predictive control of a power split hybrid
powertrain,’’ in Proc. Amer. Control Conf. (ACC), Boston, MA, USA,
Jul. 2016, pp. 617–622.

[73] V. Donikian, ‘‘Model predictive control of advanced hybrid powertrain
systems,’’ M.S. thesis, Dept. Mech. Aerosp. Eng., Univ. California, Irvine,
Irvine, CA, USA, 2016. Accessed: Oct. 16, 2017. [Online]. Available:
https://escholarship.

[74] K. MacLellan and G. Faulconbridge. Electric Cars Win?
Britain to Ban New Petrol and Diesel Cars From 2040.
Accessed: Jan. 16, 2018. [Online]. Available: https://www.
reuters.com/article/us-britain-autos/electric-cars-win-britain-to-ban-
new-petrol-and-diesel-cars-from-2040-idUSKBN1AB0U5

[75] China Gives Automakers More Time in World’s Biggest EV
Plan. Accessed: Jan. 16, 2018. [Online]. Available: https://www.
bloomberg.com/news/articles/2017-09-28/china-to-start-new-energy-
vehicle-production-quota-from-2019

[76] Powersim. (2017). PSIM. Accessed: Nov. 7, 2017. [Online]. Available:
https://powersimtech.com/products/psim/hev-design-suite/

[77] United States Environmental Protection Agency (EPA). Advanced
Light-Duty Powertrain and Hybrid Analysis (ALPHA) Tool.
Accessed: Oct. 1, 2017. [Online]. Available: https://www.epa.gov/
regulations-emissions-vehicles-and-engines/advanced-light-duty-
powertrain-and-hybrid-analysis-alpha

KARI TAMMI (M’15) was born on 1974.
He received the M.Sc., Lic.Sc., and D.Sc. degrees
from the Helsinki University of Technology
in 1999, 2003, and 2007, respectively. He received
a Teacher’s pedagogical qualification at the Häme
University of Applied Sciences in 2017. He was
a Researcher with CERN, the European Organiza-
tion for Nuclear Research, from 1997 to 2000, and
a Post-Doctoral Researcher with North Carolina
State University, USA, from 2007 to 2008. From

2000 to 2015, he was a Research Professor, a Research Manager, the Team
Leader, and other positions at the VTTTechnical Research Centre of Finland.
He has been anAssociate Professor withAaltoUniversity since 2015. He cur-
rently serves in the Finnish Administrative Supreme Court as a Chief Engi-
neer Counselor. He has authored over 60 peer-reviewed publications cited
in over 1500 other publications. He is a member of the Finnish Academy of
Technology. He serves as the Deputy Chair for IFTOMM Finland.

TATIANA MINAV (M’18) received the M.Sc.
degree from the Lappeenranta University of Tech-
nology (LUT), Finland, in 2008, the M.Sc. degree
from Saint-Petersburg State Electrotechnical Uni-
versity LETI in 2008, and the D.Sc. degree from
LUT in 2011. She has 10 years of experience
working on improving the efficiency of non-road
mobile working machines. She is currently with
the Department of Mechanical Engineering, Aalto
University. Her current interests include zonal

hydraulics, position motion control with the help of electric drive, thermal
hydraulics simulation, and energy recovery systems in non-road mobile
working machines.

JUHA KORTELAINEN received the M.Sc. degree
in technology from the Helsinki University of
Technology in 1995 and the Ph.D. degree in virtual
design from the Lappeenranta University of Tech-
nology, with a focus on semantic data model for
multibody system modeling, in 2011. He was an
Engineering Analyst in a private consulting com-
pany. From1998 to 2001, hewas a Researcherwith
the Helsinki University of Technology, focusing
on computational research of internal combustion

engines. Since 2002, he has been with VTT Technical Research Centre
of Finland Ltd., as a Research Scientist, a Senior Scientist, a Principal
Scientist, and the Research Team Leader, where he is currently the Research
Team Leader with the Systems Engineering and Simulation Research Team.
His background is in mechanical engineering and computational product
development, and more specifically in multibody system and multi-technical
simulation.

VOLUME 6, 2018 35259


