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Chapter 1

General Introduction

Ongoing emission legislation and increasing fuel prices pursue many leading
vehicle manufactures and their suppliers to put effort in developing and man-
ufacturing new efficient, though cost-effective, drive train technologies. Hybrid
drive train technologies are considered as short-term solutions in reducing the
fuel consumption and emissions of automobiles, without comprising the vehi-
cle’s performance. In these new type of vehicle propulsion systems two power
converters (usually an internal combustion engine and an electric machine) are
combined. Due to the broad variety of the type of vehicles and the usage of these
vehicles many solutions are provided for hybrid propulsion systems. Additionally,
in recent years many researchers have devoted their attention to the development
of sophisticated control systems in optimizing the power distribution between
the two power sources. In literature (a broad overview is presented in [72]) this is
also referred to as energy management.

Due to the large design space the question raises: how to design an hybrid
propulsion system? In the last two decades different modeling and simulation
tools for integral optimization, including the vehicle control system of hybrid ve-
hicle propulsion systems, have been developed. However, these tools are charac-
terized by large computation times due to the complexity (i.e., interdependency of
the design parameters), the unknown sensitivity of the parameters to the design
objective, and the multi-objective nature.

This study focusses on reduced modeling of the complexity of the following
main design parameters: control strategy, component technologies, component
sizes, and drive train topologies of hybrid vehicles. The effects of parameter varia-
tion on the main design objective, i.e., fuel consumption, can be investigated very
quickly and with sufficient accuracy using the reduced models. This strongly al-
leviates the complex design problem, such that it can be used for optimization
by effectively reducing the design space. The high-level modeling framework
can be used for design analysis, which is decoupled from the choice of specific
components, hybrid drive train configurations, and control strategy. Moreover,
a different hybrid drive train configuration (i.e., series, parallel, series-parallel)
implies a different transmission technology.

The method links the control design optimization with the component de-
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2 Chapter 1. General Introduction

sign optimization into a single framework. The development of a framework for
combined control and design optimization of hybrid vehicle propulsion systems
is the central theme of this thesis.

1.1 Background

The average carbon dioxide (CO2-)emissions of gasoline and diesel passenger
cars are strongly determined by their fuel consumption. In Figure 1.1 the av-
erage CO2-emissions for passenger cars under test conditions in Europe and The
Netherlands are shown [66]. In addition, the Euro95 gasoline prices [13] are de-
picted. The CO2-emissions target set by the European (ACEA), Japanese (JAMA)
and Korean (KAMA) umbrella organizations of car manufactures (representing
99% of the vehicle market in Europe) is to reduce the average CO2-emissions to
140 g/km in 2008/2009 for the new European passenger fleet.
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Figure 1.1 / CO2-emissions in g/km of passenger cars in The Netherlands and Europe
(EU-15) [66] and the Euro95 gasoline prices in The Netherlands [13].

In general, the average CO2-emissions of passenger cars over the last seven
years show a decreasing trend, while simultaneously the Euro95 gasoline prices
show an increasing trend. Nevertheless, the fuel economy improvements of new
conventional vehicles are relatively small and drastic measures are required to
meet the near term emission targets. The disappointing decreasing trend in fuel
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consumption and emissions reduction of new passenger cars is caused by the in-
creasing trend in the average vehicle mass and the maximum engine power. The
vehicles become heavier due to the increasing demand of vehicle safety and com-
fort while the performance of the vehicle is not allowed to be compromised. The
average vehicle mass and the engine output power of new passenger cars in The
Netherlands increased from 1998 to 2005 relatively by 11% and 20% respectively.
The ‘costs’ of the increased average vehicle mass and engine size significantly di-
minish the ‘benefits’ obtained by the development of more fuel economic engines
and more aerodynamic vehicles.

Advanced hybrid vehicle propulsion systems are very promising to achieve
significant fuel consumption and emission reduction without compromising per-
formance for vehicles. This is discussed in the following section.

1.1.1 Hybrid Vehicle Configurations and Classification

Hybrid vehicles are available, e.g., Citroën C3, Honda Civic IMA, Toyota Prius,
Lexus RX400h. Some of these vehicles fulfill almost the same ‘hybrid functions’,
e.g., engine off during vehicle standstill (Start-Stop function), Brake Energy Recu-
peration (BER), motor-assisting during driving, and pure electric driving. How-
ever, the drive train topology, engine size, electric machine size, transmission
technology, and control system of these hybrid vehicles are completely different.
Hybrid vehicles are categorized in the following three main types: series (e.g.,
TNO’s Hybrid Carlab [77]), parallel (e.g., Honda Civic IMA), or series-parallel hy-
brid configuration (e.g., Toyota Prius). Figure 1.2 visualizes schematically these
different configurations and describes the main topological characteristics of how
the power sources are connected to the drive train. Since the beginning of the
twentieth century [38], ‘series hybrid configurations’ (Figure 1.2, top part) have
been successfully applied besides in vehicles (1899) already in, e.g., diesel-electric
powered ships (1903), and trains (1913). Engine operation at its maximum effi-
ciency point(s), which is possible due to buffering of excess power, is an advantage
of a series hybrid. However, a disadvantage of the series transmission is the rela-
tively low transmission efficiency at relatively high vehicle loads compared to the
other hybrid configurations. Unless the vehicle is mainly used for city driving
(frequent and relatively low power demands), relatively large electric machines
(kW) are required to transmit power from the battery and engine to the vehicle
wheels at high vehicle speeds. The ‘parallel hybrid configuration’ (Figure 1.2,
lowest part) has a higher transmission efficiency due to the mechanical connec-
tion between engine, electric machine, and the vehicle wheels. The propulsion
power is supplied by the engine, electric machine, or by both sources very effi-
ciently. The ‘series-parallel configuration’ (Figure 1.2, mid part) is a combination
of the parallel and the series configuration, which merges the advantages of both
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configurations. The engine propulsion power is divided into two power-flows
transmitted to the wheels over a mechanical and an electrical branch.

Figure 1.2 / Different hybrid drive train configurations.

The parallel and series-parallel configuration are further both classified from
a micro-hybrid up to a full-hybrid vehicle. The transition from ‘micro’- to ‘full’-
hybrid indicates an increase in the number of hybrid functions. Typically, the se-
ries configuration performs all hybrid functions and thus falls in the full-hybrid
class. In Table 1.1 some typical hybrid system specifications for different hy-
brid vehicle classes are listed. In the table three hybrid vehicles, i.e., Citroën
C3, Honda Civic IMA, and Toyota Prius, which fall inside each different hybrid
vehicle class, are shown as an example. It is observed that an increase of hy-
bridization, where the maximum engine and electric machine power respectively
decreases and increases, causes reduced fuel consumption and CO2-emissions.

Generally, it can be concluded, that there is a large variety in hybrid vehicles.
However, fuel saving potential and additional cost of hybrid vehicles strongly de-
pend on the drive train configuration and the degree-of-hybridization (sizes of
the power sources). Selection of the right solution depends on both functional
requirements and projected production volumes related to the manufacturing
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Table 1.1 / Hybrid vehicle classification and specifications
Classification Micro-hybrid Mild-hybrid Full-hybrid

Start-Stop Start-Stop Start-Stop
Hybrid BER BER BER
Function - Motor-assisting Motor-assisting

- - Electric driving
Capacity, Size 1.5− 3.5 10 > 30 kW
System voltage 14 (12)− 42 (36) 150 (144) > 330 (288) V
Add. cost [19] 200− 900 900− 2200 2500− 5000 €
Fuel saving† [19] 3− 10 15− 25 20− 30 %

Citroën C3 Honda Civic IMA Toyota Prius

Hybrid vehicle

Engine 1.4-l SI 67-kW 1.3-l SI 61-kW 1.5-l SI 57-kW
EM size 3.5 10 50 kW
Fuel economy† 5.7 4.9 4.3 l/100km
CO2-emission† 135 116 104 g/km
†NEDC = New European Drive Cycle; SI = Spark Ignition; EM = Electric Machine;
BER = Brake Energy Recuperation.

investment. Hybrid systems that can be added on a conventional transmission
may provide the most benefit for the least cost, which depends on the amount of
changes required. The following section gives an overview of the design problem
areas behind the hybridization of a vehicle propulsion system.

1.1.2 What makes the design of a hybrid vehicle challenging?

Let us denote the internal combustion engine as the Primary power source (P)
and the battery system and the electric machine as the Secondary power source
(S). Then hybridization implies adding S to P in order to improve the overall
vehicle’s performance. The Vehicle including the drive train, which is denoted
as V, is defined as an energy source that stores kinetic energy during vehicle
acceleration, and retrieves it during braking. The kinetic energy retrieved during
braking is stored in the battery of S for later use. The brake energy storage is
done at moments where the road load losses (e.g., air drag, roll resistance losses)
are not sufficiently enough to decelerate the vehicle as desired.

Usually, for vehicle certification and comparison reasons the acceleration,
braking, and steady-state driving periods of the vehicle are prescribed by a modal
standardized drive cycle, e.g., the New European Drive Cycle (NEDC). A drive
cycle is a series of data points representing the speed of a vehicle versus time.

A model at a high level of abstraction for the hybrid vehicle propulsion system
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is schematically visualized in Figure 1.3. In the figure, S is parallel connected
with P at the primary-, or engine-side of the transmission. In the example of
Figure 1.3 the main mechanical transmission part is a push-belt Continuously
Variable Transmission (CVT). The transmission technology between P, S, and V,
which may also include, e.g., a wet-plate clutch, a torque converter, or a set of gear
wheels, is denoted as T.

Figure 1.3 / A model at a high level of abstraction for the hybrid vehicle propulsion sys-
tem. In this topology-example the secondary power source S is coupled at the engine-
side of the transmission T. Example background pictures: Toyota Yaris and Toyota VVTi
engine, push-belt CVT, electric machine/clutch and battery. Courtesy of Toyota; Daimler-
Chrysler; ZF Friedrichshafen AG respectively.

One of the reasons that fuel consumption and emissions for a hybrid vehicle
tested on a drive cycle are reduced is the fact that P is shut down during vehicle
standstill (Start-Stop) and certain driving periods, which eliminate the idle and
part load losses. Accordingly, S is used for restarting the engine quickly, or to
propel the vehicle. The latter driving mode, where the vehicle is only propelled
by the secondary power source S and the engine P is shut off, is defined as the
(electro-)Motor-only (M) mode. Both hybrid functionalities, i.e., Start-Stop, and
propulsion-only by S, depend on the power specification of S. The energy needed
for this is mainly recovered during braking. This driving mode is defined as the
Brake Energy Recovery (BER) mode.

In this thesis the balance of energy as depicted in Figure 1.4 is often used. In
the figure, the ‘energy blocks’ on the energy balance represent the gross energy
content at the input of S, where the discharged energy exactly counterbalances
the charged energy. Due to storage, conversion, transmission losses, or by com-
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ponent power specifications, the total (dis-)charged energy at the output of S may
not be balanced.

Figure 1.4 / Energy balance for the secondary power source S.

The energy-flow for each hybrid mode over a whole drive cycle in a parallel
hybrid vehicle propulsion system is schematically visualized in Figure 1.5. Note
that the (dis-)charge hybrid modes are not necessarily limited to the combinations
shown in Figure 1.5. Nevertheless, the figure provides a schematic overview of a
realistic energy management strategy. The propulsion-only mode by P (Figure
1.5(a), top) is also defined as the Engine-only (E) mode similar to a conventional
vehicle. In this mode the secondary power source S is not used. The fuel savings
and costs increase with each hybrid mode from Figure 1.5(b) to Figure 1.5(d). The
BER and the M mode are depicted in Figure 1.5(b). Note that the energy needed
for restarting P in the figure has been omitted, since the engine-restart energy is
relatively small. The M mode results in ‘fuel saving’, as mentioned before, due to
engine shut-off during certain driving periods.

Using charged energy, which has been retrieved from P during driving, for
propulsion-only by S may further save fuel (even in the absence of stored kinetic
energy, thus without utilizing the BER mode). This mode, as shown in Figure
1.5(c), is defined as the CHarging 1 (CH1) mode. The charged energy represents
a certain ‘fuel cost’, since the charged energy is delivered by the engine.

Furthermore, the usage of S during vehicle operation in combination with
P further optimizes the energy exchange between P, S, and V. The energy man-
agement strategy behind this is: to charge at moments where a large amount of
accumulator energy costs only a relatively small amount of fuel (fuel cost), and
use this energy at moments where it is beneficial to assist P with S, i.e., where a
small amount of energy can save a relatively large amount of fuel (fuel savings).
In literature [39] these (dis-)charging conversion ratios are also referred to as
the ‘incremental fuel costs’ (or savings). The hybrid driving modes where the
charged energy is used over a drive cycle for motor-assisting are defined as the
CH2 and the MA2 mode respectively (Figure 1.5(d), bottom).
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Summarizing, the ‘fuel saving potential’, which is defined as the difference
between the ‘fuel savings’ and the ‘fuel costs’, are determined by the vehicle, the
drive cycle, the component sizes (e.g., ability to propulsion-only by S), the compo-
nent efficiencies, and the path efficiencies between the power sources. The ‘fuel
savings’ are defined as the difference between the fuel consumption without and
with utilizing S for propulsion (pure electric driving) or during driving (motor-
assisting). Thereby, one of the design problems (also referred to as the energy
management problem) is:

• How to determine the optimal power distribution between the power
sources P and S among the different driving modes during vehicle oper-
ation?

The word ‘optimal’ refers to a yet undefined criterion. In literature (e.g., [39])
the minimization of the fuel consumption and/or emissions is used mostly. The
boundary condition requires a balanced charged and discharged energy over a
drive cycle. This condition is applied for vehicle comparison and certification
reasons (similar to the use of standardized drive cycles).

The component efficiencies and the path efficiencies between the power
sources are affected respectively by the component sizes, technologies, and the
drive train topology. Therefore, in addition to the above mentioned control de-
sign problem the following design problems can be formulated:

• How to determine the optimal hybrid drive train topology?

Moreover, given the topology:

• How to find the optimal sizes of the hybrid components?

• How to select the optimal hybrid component technologies?

The drive train topology determines where and how the power sources are con-
nected to the drive train. Hence, the topology also determines where the energy
losses occur during energy exchange between the energy sources. This also holds
for the selection of a Front- (FWD), a Rear- (RWD), or an All-Wheel Driven (AWD)
vehicle, which implies a different topology choice. In Figure 1.6 an overview of
some example topologies are shown.

The power sources are usually able to operate simultaneously. Therefore,
adding a secondary power source S reduces the power specifications of the pri-
mary power source P for propulsion. Moreover, in case of an engine: it reduces
the volumetric displacement and therefore inherently the pumping, compres-
sion, and friction losses. The optimal size of the power sources is a trade-off
between maximizing the average efficiency of the primary power source P and
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Figure 1.5 / Energy-flows over a whole drive cycle in a hybrid vehicle propulsion system.

the hybrid propulsion system. This is performed by down- and up-sizing of the
primary P and secondary power source S respectively. However, the solutions are
usually constrained by vehicle performance constraints (e.g., maximum vehicle
acceleration, speed, or hill climbing specifications) and, thus, the total combined
maximum (peak or continuous) output power of the power sources.
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Figure 1.6 / Hybrid vehicle drive train topologies.

1.2 Problem Definition

The design of a hybrid propulsion system implies that choices are made regard-
ing the topology, the technology of the power source, and sizing of the compo-
nents. In combination with optimizing the vehicle control system, which deter-
mines the points of operation of the individual components at each time instant.
This is a complex task due to the strong interdependency of these design para-
meters and the unknown sensitivity of the design parameters to the design ob-
jectives. The design complexity is schematically visualized in Figure 1.7. On the
one hand, we have the design objectives: fuel economy, emissions and perfor-
mance, and, on the other hand, we have the inherently interlinking design para-
meters: component technology, component size, topology, and control strategy. It
should be noticed, that the design objectives may not be limited to the objectives
shown (e.g., comfort, safety, or cost are not shown). Furthermore, performance
is a broad understanding, which could be related to, e.g., acceleration, hill climb-
ing, or towing requirements. A parametric optimization procedure is proposed,
which allows investigation of parameter variation on the design objective.

1.2.1 Parametric Optimization

Parametric optimization implies finding the optimal set of design parameters,
denoted as xo, which are values of design parameters in x that result in an opti-
mal value for an optimization objective function, denoted as 8(x). In addition,
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Figure 1.7 / Interlinking of the related design objectives and design parameters.

constraint functions G(x) are defined to keep system properties and variables
within certain bounds. Generally, the design optimization problem is formulated
as [62]:

min
x
8(x), subject to G(x) ≤ 0, x ∈ X ⊆ Rn, (1.1)

where the feasible design space is assumed to be embedded in the set X with
dimension n. Solving this problem for hybrid vehicle propulsion systems is com-
plex. The problem described by Equation (1.1) is possibly non-convex and there-
fore computational intensive using a conventional solving technique. In [48] a
broad survey of nonlinear (multi-objective) optimization concepts and methods
is given. The main conclusion of this study illustrates that no single method is
superior, yet depends on the type of information that is provided in the prob-
lem, the designer’s preferences, the solution requirements, and the availability of
software.

The proposed design optimization procedure presented in this thesis is
schematically shown in Figure 1.8. Initially, the optimization conditions are set:
choices by the designer have to be made regarding the design parameters x ,
objective functions 8(x), and constraints G(x). This is done in the ‘Optimiza-
tion problem setup layer’. Any computable scalar quantity, e.g., acceleration time
from 0− 100 km/h, fuel consumption, or nitrogen oxide (NOx )-emissions over a
whole drive cycle, can be used as the system design objective function 8.

Accordingly, in the ‘Modeling and simulation layer’ a response function8(x),
which may be multi-dimensional, is created between the design parameters x ,
objective functions 8(x), or constraint conditions G(x). The design parameters
represented by x , which include a topology choice, the component size, a compo-
nent technology choice, and the control strategy for any given vehicle (including
the vehicle parameters) and drive cycle, behave as a constant for a particular de-



12 Chapter 1. General Introduction

Figure 1.8 / Parametric design optimization for a hybrid vehicle propulsion system.

sign. However, the parameters can vary from one vehicle application to the next.
From a hybrid vehicle design point of view, the control design is considered as

a subproblem. Therefore, the control design models use local design variables,
such as the control power-flow of S. The following section discusses different
optimization algorithms regarding the design of the control strategy. In order
to find the optimal set of design parameters, the design optimization procedure
operates by repeatedly evaluating the model at a certain design point x . In the
modeling and simulation layer the numerical analysis is repeated as many times
as set.

Finally, a relatively simple objective function approximation 8̃(x) can be cre-
ated using the responses8(x) in the ‘Optimization layer’. In addition, an optimal
solution can be found very quickly with a conventional optimization technique.
The technique allows to capture the global trends in the design space. It should
be noticed, that the accuracy of an optimal solution depends on the approximative
accuracy of the objective function.

Multi-objective Optimization

In case of a multi-objective optimization, selection of a particular solution is done
by giving more importance to some objectives. The simplest scalar substitute ob-
jective is obtained by assigning subjective weights to each objective and summing
up all objectives multiplied by their corresponding weight [62]. The main weak-
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ness of this approach is the difficulty to determine the appropriate weights when
design information is not sufficiently available a priori. The approach requires
multiple simulation runs to investigate the influence of weights on the substitute
objective [25]. However, this is beyond the scope of the research presented in this
thesis. Without loss of generality, a single-objective approach is employed where
the main system design objective is minimization of the fuel consumption.

1.2.2 Modeling and Simulation Tools

In the last two decades, many different hybrid propulsion system modeling and
simulation tools have been developed [11, 65, 88, 12, 67, 23, 4, 86, 53, 81]. Where
from a optimization algorithm point of view, the modeling and simulation tool is
a ‘black box’. The simulation tools are based on pre-defined topologies, compo-
nent technologies and control strategies. In [67, 23] a more flexible quasi-static
modeling and simulation tool, i.e., ‘QSS toolbox’ is discussed, with which user-
defined drive train topologies can be build quite easily. In [4, 53] the research
is focused on developing optimization tools for optimizing component sizes and
vehicle design parameters. The tools discussed in [4] and [53] are based on se-
quential quadratic programming and a clustering pareto evolutionary algorithm
respectively. The tools use ADvanced VehIcle SimulatOR (ADVISOR) software
[88] as a vehicle modeling and simulation platform. Another system design op-
timization approach as discussed in [74] uses globally optimal control strategy
based on Dynamic Programming (DP) [8]. The disadvantages of the different
heuristic control models used in ADVISOR are the numerous specific control
rules, which depend strongly on the choice of hybrid propulsion system, need
to be tuned on the optimal solution for a known drive cycle. DP eliminates the
problem of tuning and is suitable for handling nonlinear non-convex problems.
However, DP suffers from the ‘curse of dimensionality’ [9] and therefore requires
(in contrary to ADVISOR) a relatively long computation time. These problems are
addressed in this thesis.

1.3 Research Questions

The study presents a simulation-based optimization method, which is a step for-
ward in developing a quick optimization and design analysis tool, where the over-
all fuel consumption of a hybrid propulsion system is predicted with reasonable
accuracy for different vehicle classes and drive cycles. Within this context, a target
is to find answers to the underlying research questions:

(i) can a computationally efficient method be developed, which results in an
optimized control strategy comparable to the strategy computed with DP?



14 Chapter 1. General Introduction

(ii) can reduced models be developed for topologies, component technologies
and sizes, which can be employed for parametric design optimization with
sufficient accuracy?

Calculation of the incremental fuel costs (savings) for all admissible control
inputs during (dis-)charging, which are required as input for the control design
model, can be a computational burden. Especially, if also the speed ratio of the
transmission T is a design variable, or, in other words, if the static component
efficiency models are used with freedom in engine speed and torque, on top of
the power distribution problem in the control optimization process.

For a given vehicle speed and power demand at a certain time instant the
speed ratio of the transmission T is selected, such that the efficiency of S, or
P, or, the combined efficiency of S and P is maximum. If the losses of T are
too large to be neglected (e.g., in case of the hydraulic actuated push-belt CVT
[63]), then these losses play an important role in selecting the optimal speed ratio.
The computation time further increases if this exercise is performed for, e.g.,
different component sizes, or transmission technologies. How these issues affect
the hybrid propulsion system design are also discussed in this thesis.

Therefore, the second research question studies the possibility of reduced
complexity modeling. Subsequently, the component efficiency models and the
incremental fuel costs (savings) for all admissible control inputs required as input
for the control design model are generated very quickly for different component
sizes, technologies, and topologies.

1.4 Goals and Main Contributions of the Thesis

This thesis concentrates on methods for designing hybrid vehicle propulsion sys-
tems with significant reduction of fuel consumption and CO2-emissions on a
representative drive cycle. Based on the two research questions posed in the pre-
vious section the main research objectives are:

• development of algorithms for calculating the control strategy and fuel con-
sumption, and

• development of a reduced hybrid drive train model, which is decoupled
from the choice of a specific hybrid drive train configuration, components,
control, and can be used for hybrid drive train specification.

The idea of a high-level modeling framework decoupled from the choice of spe-
cific components as discussed in [67] is further elaborated by decoupling the de-
sign analysis from choice of a specific hybrid drive train configuration, and a
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specific control strategy. Furthermore, it will be shown that, a different hybrid
drive train configuration implies a different transmission technology T.

The used methods and the main expected contributions related to the differ-
ent design parameters and the reduced hybrid drive train model are discussed
below.

1.4.1 Control Strategy

In order to solve the control design problem several optimization methods have
been studied and compared. Elaboration of global optimal optimization tech-
niques (DP) and sub-optimal methods (Equivalent Consumption Minimization
Strategies (ECMS), see, e.g., [59, 71]), and heuristic strategies have been investi-
gated. This thesis presents a control design method based on the combination of
Rule-Based (RB) strategies and ECMS. The developed method, called RB-ECMS,
allows quick optimization, since the defined hybrid driving modes are indepen-
dently of topology and tuning of many control rules on the optimal solution is not
necessary. The control model uses one main design parameter, which affects the
control design variable (power-flow of the secondary power source S). The main
control design parameter is the maximum propulsion power of S during the M
mode, denoted as PM , which is not necessarily equal to the maximum available
propulsion power. It will be shown, that the control design solution of the RB-
ECMS is very close to the global optimal solution of DP. Furthermore, the method
is used to explain the relationship between the fuel saving potential for each hy-
brid driving mode and the integral constraint of energy balance conservation.

1.4.2 Component Size and Technology

The component design problem is related to the component technology choice
and sizing issues. In literature [67] scalable models for the main energy conver-
sion components, i.e., the engine and the electric machine are discussed. The
static efficiency map is scaled by changing, e.g., the engine’s volumetric displace-
ment, or the active rotor volume of the electric machine. Since the maximum
power, denoted as Pmax , is one of the main design parameters for the energy con-
verters in this thesis, the static efficiency maps are linearly scaled up or down
in order for their properties to match the desired values. The desired power of
the component is obtained by linear altering of the torque curve. However, there
is an uncertainty on the accuracy of the scaled models, thus scaling should be
done with caution. Scaling of the energy storage components, e.g., batteries, or
ultra capacitors, which are modeled as individual cells, can be done more eas-
ily by selecting the required number of cells in order to meet certain power or
energy storage size specifications. The motivation for this approach is the lim-
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Table 1.2 / Design parameters, parameter descriptions, and subparameters.

Parameters Description Subparameters

Topology Determines the efficiency of power-flow
paths, which indirectly influences the com-
ponent efficiencies with changing the topol-
ogy.

location of S and P
in combination
with a FWD, RWD,
or AWD vehicle

Component size Determines the maximum component out-
put power (S and P), which indirectly affects
the component efficiency with sizing.

component power

limitation, P†
max

Component technology Determines the component efficiency (P, S,
and T).

fit coefficients, c†
i

Control strategy Determines the power distribution between
P, S and V, while minimization of the fuel
consumption given certain component spec-
ifications and constraints.

control design

parameter, P†
M

†These subparameters are in this thesis often also referred to as characteristic component parameters.

ited availability of nonproprietary component data for different technologies and
sizes from third parties. Similar scaling approaches have been utilized by others
[46, 2, 79, 3].

The possibility of describing the component efficiencies for T, P, and S as
simplified power-based parametric fit functions is investigated in order to solve
the component design problem. In this thesis, the coefficients of the power-
based fit function, denoted as ci (where subscript i ∈ N), are also referred to as
the ‘characteristic component parameters’ or ‘subparameters’. The characteris-
tic component parameters are found by fitting linear or quadratic functions on
the computed input and output powers for P, S, and T. The operation points,
which are determined by the drive cycle, the vehicle load, and the control strat-
egy, determine the values for the characteristic component parameters. Using
the simplified power-based parametric functions in combination with the RB-
ECMS, the effect of characteristic parameter variation of the components on the
fuel consumption and control strategy can be investigated very quickly.

Table 1.2 gives an overview of the defined design parameters, their descrip-
tions, and subparameters. For certain component technology choices (P, S, and
T), a change in component size affects the maximum output power and indirectly
the efficiency of the components. A change in topology influences the power-flow
path efficiencies and therefore also indirectly affects the component efficiencies.
In addition, the control strategy is influenced by these characteristics and there-
fore also the total fuel consumption over a drive cycle for a given vehicle is af-
fected.
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1.4.3 Reduced Hybrid Drive Train Modeling

The key idea behind a reduced hybrid drive train model is that a different topol-
ogy, technology choice, or component size for P, S, and T simply implies a differ-
ent set of subparameters. The same holds in principle for the design parameter
of the control strategy, which is influenced by the component characteristic para-
meters.

This thesis contributes by showing that the characteristic component parame-
ters describing the efficiency for P, S, and T can be determined with sufficient ac-
curacy only dependent on the drive cycle and the vehicle parameters by assuming
certain component operation preferences. This method allows the component
efficiency models and the incremental fuel costs (savings) for all admissible con-
trol inputs, which are required as input for the RB-ECMS, to be generated very
quickly for different component sizes, technologies, and topologies.

In this way a fast design analysis method is presented for the specification
of a hybrid vehicle propulsion system by effectively narrowing down the initially
large design space and reducing the complexity. Furthermore, the method links
the control design optimization with the topology and the component design
optimization into a single framework. The derived method has given insights
in the basic principles that determine the fuel consumption and the direction of
improvement with minimal system specifications.

The proposed hybrid drive train modeling approach with reduced complexity
is studied and validated by means of simulation:

• for three different hybrid drive train configurations (or, transmission tech-
nologies) with fixed component sizes, vehicle and drive cycle, and

• for two different vehicles (i.e., a small passenger car, and a medium-duty
truck) with different drive cycles and a fixed hybrid drive train configu-
ration. The component sizes and technologies are optimized for the two
vehicles as a design case study.

For this purpose, a detailed quantitative analysis is performed. The effects of
the regenerative brake strategy, component sizing, technology selection, topol-
ogy selection, and the speed ratio control strategy on the fuel consumption are
investigated.

1.5 Outline of the Thesis

This thesis consist of 4 research chapters, Chapter 2 till Chapter 5. The Chap-
ters 2 and 3 have been published respectively as journal articles in International
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Journal of Electric and Hybrid Vehicles [31] and World Electric Vehicle Association
Journal [30]. Chapter 4 has been submitted for publication to IEEE Transactions
on Vehicular Technology [28] and Chapter 5 is accepted for publication in Interna-
tional Journal of Heavy Vehicle Systems [32]. The original text of each journal article
is presented here and each chapter is self-containing. Finally, in Chapter 6 the
main conclusions and recommendations for further research are given. Figure
1.9 shows schematically an overview of the chapters in relation to the reduced
hybrid drive train model. A short description of the contents of each chapter is
given next.

Figure 1.9 / An overview of the chapters of this thesis related to the high-level modeling
and design framework, which can be employed for control design, topology selection,
technology selection, and sizing of hybrid vehicle propulsion systems. Example back-
ground picture: drive train of a Honda Civic IMA [49]. Courtesy of Honda Motor Co.

In Chapter 2 [31] an overview of different control methods is given, and a new
rule-based EMS is introduced based on the combination of Rule-Based and Equiv-
alent Consumption Minimization Strategies (RB-ECMS). The RB-ECMS consists
of a collection of driving modes selected through various states and conditions. In
addition, a graphical representation of the influence of the hybrid driving modes
on the energy balance and the fuel saving potential is discussed. Furthermore, the
fuel consumption and the control strategy for the Toyota Prius (model 1998), cal-
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culated with the RB-ECMS, are compared with results from Simulink/ADVISOR
and DP.

Chapter 3 [30] investigates the possibility of overall model simplification
for the hybrid vehicle propulsion system, including the control strategy using
the RB-ECMS. This is performed by describing the component efficiencies and
control rules with only a few characteristic model parameters that capture the
fuel efficiency of the total system with sufficient accuracy. Using these para-
meters the modeling and simulation process is performed very quickly. The
method is demonstrated on a series, a parallel, and a series-parallel hybrid
drive train with specified component technologies, vehicle parameters, and drive
cycle. The fuel consumption and control strategy results are compared with
Simulink/ADVISOR and DP.

In Chapter 4 [28] the hybridization of a small passenger car equipped with
a push-belt CVT and a gasoline engine is investigated as a design case study.
The fuel consumption map is reconstructed based on measurements performed
on a dynamo test bench and validated by simulation. The effects of changing
the design parameters: component size (kW), topology, technology choice for
conversion and transmission components, and CVT speed ratio control during
braking and propulsion, on the fuel consumption are investigated. Moreover,
Chapter 4 continues the concept of overall modeling simplification, where the
effects of hybridization on the characteristic model parameters are investigated.
Thereby, it seeks to investigate if a reduced hybrid vehicle model, under the same
conditions as posed in Chapter 3, can be employed with sufficient accuracy for
designing.

Chapter 5 [32] merges the ideas of overall model simplification for control and
component efficiencies, and investigates again the effects of component sizing
on the characteristic parameters, yet for different energy conversion and storage
components. In this chapter the design problem is formulated for a medium-duty
hybrid electric truck as a design case study. A method is proposed for determin-
ing the optimal degree-of-hybridization of the drive train and the energy storage
system. The effects of hybridization on the vehicle acceleration performance, and
the maximum gradeability are discussed. Moreover, the system storage mass and
cost reduction benefits from hybridization of the energy storage system are dis-
cussed.

As stated, the final Chapter 6 will summarize the main results, and discusses
possible future research.



20 Chapter 1. General Introduction



Chapter 2

Energy Management Strategies
for Hybrid Vehicles

Abstract / The highest control layer of a (hybrid) vehicular drive train is termed the Energy
Management Strategy (EMS). In this chapter an overview of different control methods is
given and a new rule-based EMS is introduced based on the combination of Rule-Based
and Equivalent Consumption Minimization Strategies (RB-ECMS). The RB-ECMS uses
one main design parameter and requires no tuning of many threshold control values and
parameters. This design parameter represents the maximum propulsion power of the
secondary power source (i.e., electric machine/battery) during pure electric driving. The
RB-ECMS is compared with the strategy based on Dynamic Programming (DP), which
is inherently optimal for a given cycle. The RB-ECMS proposed in this chapter requires
significantly less computation time with the similar result as DP (within ±1% accuracy).

2.1 Introduction

Hybridization in vehicles implies adding a Secondary power source with rever-
sal energy buffer (S) (i.e., an electric machine/battery) to a Primary power source
with irreversible energy buffer (P) (i.e., an engine/filled fuel tank) in order to im-
prove vehicle performance. The major desirable improvements of the vehicle are
regarding the fuel economy, emission reduction, comfort, safety, and driveability.
The fuel consumption of a vehicle is reduced by down-sizing of the engine, which
results in less idle-fuel consumption and a lower brake-specific fuel consumption.
A second, though complementary method is recuperation of the brake energy and
re-using this stored energy when momentary fuel costs are high avoiding idle-fuel
consumption and engine operation points with high brake-specific fuel consump-

This chapter has been published in the form of a paper as / [31] Hofman, T., Van Druten,
R., Serrarens, A., and M. Steinbuch, “Rule-based energy management strategies for hy-
brid vehicles”, Int. J. of Electric and Hybrid Vehicles, vol. 1, no. 1, pp. 71-94, 2007.

21
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tion. The Energy Management Strategy (EMS) plays an important role in an ef-
fective usage of the drive train components, see, e.g., [16, 59, 71, 68, 14, 39, 35].
Control strategies may be classified into non-causal and causal controllers respec-
tively. Furthermore, a second classification is made among heuristic, optimal and
sub-optimal controllers [24]. In the sections below some of these methods are
discussed in more detail.

2.1.1 Optimal Control Strategy – Dynamic Programming

A commonly used technique for determining the globally optimal EMS is Dy-
namic Programming (DP), see, e.g., [73, 39, 74]. Using DP the finite horizon
optimization problem is translated into a finite computation problem [8]. Note
that although the DP solution may appear as an unstructured result, in principle
the technique results in an optimal solution for the EMS. Using DP it is rather
straightforward to handle non-linear constraints. However, a disadvantage of this
technique is the relatively long computation time due to the relatively large re-
quired grid density. The grid density should be taken high, because it influences
the accuracy of the result. Furthermore, it is inherently non-causal and therefore
not real-time implementable.

2.1.2 Sub-Optimal Control Strategy – Heuristic Control Strategy

Most of the described Rule-Based (RB) control strategies in literature [88, 44,
89, 91] are based on ‘if-then’ type of control rules, which determine for example
when to shut down the engine or the amount of electric (dis-)charging powers.
The electric (machine) output power is usually prescribed by a nonlinear para-
metric function. Each driving mode uses different parametric functions, which
are strongly dependent on the application (drive train topology, vehicle and drive
cycle), and needs to be calibrated for different driving conditions. In [44, 89]
and [91] the threshold values for mode switching and parameters are calibrated
by using DP. Thereby, the power-split ratio between the secondary source S and
the vehicle wheels for each driving mode is optimized. To overcome the difficulty
of calibrating a large number of threshold values and parameters, control strate-
gies are developed based on optimal control theory, which are discussed in the
following section.

2.1.3 Sub-Optimal Control Strategy –
Equivalent Consumption Minimization Strategy

In literature Equivalent Consumption Minimization Strategies (ECMS) are pre-
sented, see, e.g., [60, 59, 71, 54, 24], which are based on an equivalent fuel
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mass-flow ṁ f,eq(t) (g/s). The equivalent fuel mass-flow uses an electric-energy-
to-fuel-conversion-weight-factor, or equivalent (weight) factor λ(t) (g/J) in order
to weight the electrical power Ps(t) (W) within the same domain at a certain time
instant t (s). Basically, the λ(t) is used to assign future fuel savings and costs to
the actual use of electric power Ps(t). Moreover, a well determined λ(t) assures
that discrepancy between the buffer energy at the beginning and at the end of the
drive cycle with time length t f is sufficiently small. The ṁ f,eq(t) is defined as,

ṁ f,eq(t) = ṁ f (Ps(t), t)− λ(t) · Ps(t), λ(t) > 0 ∀ t ∈ {0, t f }, (2.1)

where ṁ f (Ps(t), t) is the instantaneous (actual) fuel mass-flow and can be ex-
pressed as a function of the electrical power Ps(t). Although, for example, during
discharging Ps(t) < 0 the actual fuel mass-flow ṁ f (Ps(t), t) is reduced, Equation
(2.1) shows that the fuel equivalent of the electrical energy−λ(t)·Ps(t) is momen-
tarily increased and vice-versa. The optimal momentary power set-point Po

s (t) for
the secondary power source is the power, which minimizes Equation (2.1) given
a certain λ(t):

Po
s (t) = arg min

Ps (t)
(ṁ f,eq(t) | λ(t)). (2.2)

The λ(t) depends on assumptions concerning the component efficiencies and
chosen penalty functions on deviation from the target battery state-of-charge.
Next, an overview on various approaches to this optimization problem seen in
literature is given. Note that the first two methods require that the drive cycle is
known.

Method 1

In [59] average efficiencies of the energy paths from fuel tank to battery, denoted
as ηtank→bat , and vice-versa, denoted as ηbat→tank , are used to compute λ(t):

λ(t) = min
(
λdis

Ps(t)
|Ps(t)|

, λchg
Ps(t)
|Ps(t)|

)
· Ps(t)
|Ps(t)|

, (2.3)

with λdis = 1/(ηtank→bat hlv), λchg = ηbat→tank/hlv. The chemical content of fuel
is represented by hlv (J/g).

Method 2

In [71] the equivalent factors for (dis-)charging λdis, λchg are calculated using var-
ious constant values of the control variable by running different simulations for
all admissible control inputs, given the drive cycle, the vehicle parameters and
the upper and lower bounds for the state-of-charge. Accordingly, linear functions
are fitted through the values of the total fuel energy use and the electrical energy
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use during discharging and charging. The slopes of the straight lines that fit the
data correspond with λdis and λchg respectively.

As mentioned by the authors [54], a disadvantage may be the strong sensi-
tivity of λ(t) and thus the equivalent factors on the relative state-of-charge ξ(t)
deviations. The main reason is lack of feedback or adaptation of λ(t) according to
the actual storage energy level. For online application the equivalent factor λ(t)
needs to be tuned, estimated, or adapted online, since, e.g., referring to method
1, the average component efficiencies are not known a priori and are different for
each drive cycle. Next, some methods are discussed that do not require drive cycle
information a priori.

Method 3

In [61] and [68] a non-linear penalty function is used to heuristically penalize
the control power-flow of S using the discrepancy between the reference relative
value of the state-of-charge of the battery ξre f , ξ(t = 0) and the actual relative
value ξ(t). The shape of the penalty function

λ(t) = φ1

(
1−

(
ξre f−ξ(t)

(ξmax−ξmin)/2

)2φ2+1
)
+ φ3

∫ t
0 (ξre f − ξ(τ )) dτ,

φ2 ∈ N0, {φ1, φ3} ⊆ R+0 ,
(2.4)

is adapted via certain parameters, i.e., φ1, φ2, and ξmin , ξmax describing the desired
relative state-of-charge ξ operation range. The integral term with the tune param-
eter φ3 keeps track of the state-of-charge of the battery, which mainly influences
the amplitude of the low-frequent oscillation of ξ . If φ3 is chosen too large, then
ξ(t) may become unstable, i.e., ξ(t)→∞.

Method 4

In [14] the instantaneous equivalent fuel rates are calculated a priori for all admis-
sible control inputs, vehicle load torque, speed and equivalent factors. Then, the
optimal engine torques (used as control input) and gear ratios are pre-calculated
and are stored in look-up tables. Starting with an initial guess, λ(t) is adjusted
online with a pre-determined correction value 4λ over the drive cycle:

λ(t) =





λu, if ξ(t) > ξmax ,

λl, else if ξ(t) < ξmin,

λ′ −4λ, else if ξ(t) = ξre f ∧ λ = λu,

λ′ +4λ, else if ξ(t) = ξre f ∧ λ = λl .

(2.5)

If this correction number is chosen too large the equivalent factor λ(t) may oscil-
late. The previous stored λ′ is corrected for with 4λ when ξ exceeds the upper or
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lower boundary of ξ . The λ(t) is ‘learned’ by using pre-determined fuel equiva-
lent factors, i.e., λu, λl that are used to bring back the ξ(t) to the reference value.
Then, the λ(t) is updated. The value of these parameters determine how fast
the λ(t) is learned. Practical experience is needed to tune or to optimize these
parameters.

Method 5

In [39], [40] and [35] also the discrepancy between the actual value and reference
value of ξ of the battery is used to calculate λ(t) online, in this case by using a
PI-controller:

λ(t) = λ0 + K p (ξre f − ξ(t))+ Ki

∫ t

0
(ξre f − ξ(τ )) dτ. (2.6)

This solution seems rather straightforward and effective, however, the solution
is sensitive to the initial value λ0 and the choice of the control parameters K p

and Ki . If the K p, Ki control parameters are chosen large, the power-flow of the
accumulator is strongly penalized, such that the fuel saving will be smaller com-
pared to mildly tuned control parameters. However, when a good estimation of
λ0 is obtained only a relatively mild PI-controller is required, because the relative
change of λ(t) over the drive cycle is usually very small.

2.1.4 Sub-Optimal Control Strategy – RB-ECMS

In order to tackle the drawbacks of DP, RB and ECMS, which is the aim of this
chapter, a new and relatively simple solution for the EMS control problem is in-
troduced having the following main features:

• the proposed method consists of a combination of methods, i.e., RB and
ECMS (RB-ECMS),

• the maximum propulsion power of the secondary power source (i.e., elec-
tric machine / battery) during pure electric driving is used as the main
design parameter, and

• the predefined hybrid modes and rules are independent on the type of drive
train topology.

Since a drive train topology defines the paths and the efficiencies of the energy
flow between P, S and the vehicle wheels. However, a topology choice influences
the optimization of the design parameter. Summarized, an overview of the dis-
cussed methods is shown in Table 2.1.
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2.1.5 Outline of the Chapter

The remainder of this chapter is structured as follows: first, the general control
optimization problem of a hybrid drive train is discussed in Section 2.2. Then,
the derived hybrid driving modes and the RB-ECMS are discussed in the Sections
2.3 and 2.4 respectively. Furthermore, a physical background for not using all
potentially available motoring power during pure electric driving is given. The
relationship between λ(t) as used in ECMS and the design parameter as used in
the proposed RB-ECMS is discussed. In Section 2.5, results of the proposed RB-
ECMS are compared for a specific application (Toyota Prius, model 1998) with
results from DP and the vehicle simulation platform ADVISOR [88]. Finally, the
conclusions are given in Section 2.6.

Table 2.1 / Overview of discussed methods (-/+ : dis-/advantage).
DP RB ECMS RB-ECMS

(this chapter)
+ globally optimal - sub-optimal - sub-optimal - sub-optimal
- apparently

unstructured
result

- tuning of many
parameters,
threshold values

+ few calibration
parameters

+ few calibration
parameters

- long
computation
time

+ relatively
simple,
engineering
intuition

+ short
computation
time

+ short
computation
time

- offline strategy + on-/offline
strategy

+ on-/offline
strategy

+ on-/offline
strategy

+ handling
non-linear
constraints

- specific rules
depend strongly
on the topology
choice

- λ(t) sensitive
to ξ(t)
deviations

+ modes/rules
independent
on the
topology
choice

2.2 Problem Definition

The optimization problem is finding the control power-flow Ps(t), given a certain
power demand at the wheels Pv(t)minimizing the cumulative fuel consumption,
denoted by the variable 8 f , over a certain drive cycle with time length t f , subject
to several constraints, i.e.,

8 f = min
Ps (t)

∫ t f
0 ṁ f (Es(t), Ps(t), t | Pv(t)) dt,

subject to Eh = 0, Eg ≤ 0,
(2.7)

where ṁ f is the fuel mass-flow in g/s, which can be expressed as a function of the
state variable Es and the control input variable Ps . The state is equal to the stored
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energy Es in the secondary reversal energy buffer in J, and the control input is
equal to the secondary power-flow Ps in W (see, also Figure 2.1). The energy level
in the battery is a simple integration of the power and is calculated as follows,

Es(t) = Es(0)+
∫ t

0
Ps(τ ) dτ. (2.8)

The main constraints on the secondary power source S are energy balance con-
servation of Es over the drive cycle, constraints on the power Ps , and the energy
Es :

h1 : = Es(t f )− Es(0) = 0,
g1,2 : = Ps,min ≤ Ps(t) ≤ Ps,max ,

g3,4 : = Es,min ≤ Es(t) ≤ Es,max .

(2.9)

The optimal solution is denoted Po
s (t). In this chapter the value for the energy

Figure 2.1 / Power-flows for the different hybrid driving modes. Secondary power source
S is connected at the engine-side of the transmission.

level instead of the charge level in the battery has been used. Note that, if the
open-circuit voltage of a battery is assumed constant, then the relative state-of-
charge ξ is equal to the relative state-of-energy, i.e., ξ(t) = Es(t)/Ecap. The en-
ergy capacity of the battery Ecap is assumed to be constant. However, for battery
systems the open-circuit voltage typically changes slightly as a function of ξ . This
is not considered in this chapter.

2.3 Hybrid Driving Modes

A hybrid drive train can be operated in certain distinct driving modes. In Figure
2.1, a block diagram is shown for the power distribution between the different
energy sources, i.e., fuel tank with stored energy E f , S with stored energy Es ,
and the vehicle driving over a drive cycle represented by a required energy Ev.
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The efficiencies of the fuel combustion in the engine, the storage and electric
motor S, and the Transmission (T) are described by the variables ηp, ηs , and ηt

respectively. The energy exchange between the fuel tank, source S and the vehicle
can be performed by different driving modes (depicted by the thick lines). The
engine power at the crank shaft is represented by Pp. The power demand at the
wheels (Pv) and the power-flow to and from S (Ps) determine which driving mode
is active. The following operation modes are defined:

M: Motor-only mode, the vehicle is propelled only by the electric motor and the
battery storage supply (S) up to a fixed propulsion power (design parameter)
for the whole drive cycle, which is not necessarily equal to the maximum
available propulsion power of the electric machine. The engine is off, has
no drag and no idle losses.

BER: Brake Energy Recovery mode, the brake energy is recuperated up to the
maximum generative power limitation and stored into the accumulator of
S. The engine is off, has no drag and no idle losses.

CH: CHarging mode, the instantaneous engine power is higher than the power
needed for driving. The redundant energy is stored into the accumulator of
S.

MA: Motor-Assisting mode, the engine power is lower than the power needed
for driving. The engine power is augmented by power from S.

E: Engine-only mode, only the engine power is used for propulsion of the
vehicle. S is off and generates no losses.

The engine is off during the M and BER mode and uses no fuel. This is also re-
ferred to as the start-stop mode. Since the electrical loads in vehicles are expected
to increase in the near future it may be important to define more hybrid (charg-
ing) modes. However, the auxiliary loads are not considered in this chapter. The
reader is referred to [36] in which heating and airconditioner loads are discussed.

2.4 The RB-ECMS

The operation points for P and S given certain driving conditions (drive cycle
and vehicle parameters) can be found in certain distinct driving states, or modes.
For the ease of understanding, the modes are represented as operation areas in
a static-efficiency engine map separated by two iso-power curves as are shown in
Figure 2.2. The solid iso-power curve separates the M mode from the CH mode,
and the E mode. The dotted iso-power curve separates the operation points of
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Figure 2.2 / Contour plot of the engine efficiency in % as a function of the engine torque
and speed. WOT = Wide-Open Throttle torque.

the engine during the CH and the MA mode. The vehicle drive power values for
which the secondary source during the M mode is sufficient (i.e., below the solid
line in Figure 2.2) is given by,

Pv(t) ≤ −max(min(0, Ps(t)), PM(t)) ηs(t) ηt(t), (2.10)

with Ps,min ≤ PM(t) ≤ 0 the largest possible motor-only power. The minimum
discharging power is denoted as Ps,min . So we also have that in M mode:

Pv(t) = −PM(t) ηs(t) ηt(t), (2.11)

which is shown as a solid line in Figure 2.2. Following from the EMS calculated
with DP, the decision variable PM(t) determining when to switch between the
M mode and the other modes, appeared to be approximately constant with
the vehicle power demand Pv(t), i.e., PM(t) ≈ PM ∀ t ∈ {0, t f }. Whereas the
(dis-)charging power and the mode switch between MA and CH mode varies
with the vehicle power demand.

In order to fulfill the integral energy balance constraint over the drive cycle
(see, Equation (2.9)), the energy required for the M and the MA mode needs
to be regenerated during the BER mode or charged during the CH mode. To
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explain the basic principles of the RB-ECMS, which is a trade-off between energy
balance and fuel consumption, consider the following two arbitrary cases. Both
cases are schematically shown in Figure 2.3. The energy of the CH1 or the MA1
mode is always balanced with the M or the BER mode respectively. Either case
represents a different choice for PM , where the recuperated brake energy (BER)
is: (i) not sufficient, and (ii) more than sufficient for supplying the energy during
the motor-only mode (M) over a given drive cycle.

(i) The additional required energy for the M mode has to be charged during
the CH1 mode resulting in additional fuel cost.

(ii) The redundant energy of the BER mode can be used for motor-assisting
during the MA1 mode resulting in additional fuel savings.

Figure 2.3 / Energy balance and fuel consumption, after completion of a whole drive
cycle.

Referring to case (i), if −PM is lowered, then the additional fuel cost becomes
lower due to decrease of the required charging energy. However, the fuel saving
due to the M mode is also reduced, and vice-versa, if−PM is increased. The same
holds for case (ii): the fuel saving during the MA1 mode is increased if −PM is
lowered, but the fuel saving due to the M mode is reduced.

For both cases, additional charging (CH2 mode) during driving and using this
buffered energy for motor-assisting (MA2 mode) can be beneficial. The energy
of the CH2 mode is always balanced with the MA2 mode. This is illustrated with
an example as is shown in Figure 2.4. In this figure the fuel mass-flow ṁ f as a
function of the engine power Pp at a certain engine speed ωp is shown. Typically,
for engines the fuel mass-flow increases more than linear (convex curvature) with
the output power at any given speed [40]. Therefore, if charging is done at a low
engine power demands and used for assisting at a high engine power demands,
then it can be seen that fuel is saved by subtracting the fuel saving minus the
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fuel cost. This fuel saving potential increases, if the progressiveness of the fuel
mass-flow as a function of the engine power increases.

Figure 2.4 / The fuel mass-flow as a function of engine power at a certain engine speed.

However, it should be noticed, that the additional fuel saving potential is rel-
atively small and limited, because:

• the fuel mass flow as a function of engine power is usually quite linear,
resulting in smaller fuel mass-flow differences,

• the conversion losses between P and S, and the storage losses of S further
decrease the fuel saving potential, and

• the energy of the high drive power demands dependent on the driving con-
ditions (drive cycle, vehicle parameters) is usually relatively small.

The optimal value of PM has to be a trade-off between the BER, M, CH
(CH1+CH2), and the MA (MA1+MA2) mode. This requires some kind of opti-
mization in which all modes are included and will be explained in the following
three sections.

2.4.1 Power-Flow during the BER and the M Mode

Based on the EMS from DP, the optimal power set-point Po
s (t) = Po

s,I (t) during
the M and the BER mode is respectively,

Po
s,I (t) = −max(Pv(t)/(ηs(t) ηt(t))︸ ︷︷ ︸

M mode

, Pv(t) ηs(t) ηt(t)︸ ︷︷ ︸
BER mode

). (2.12)

The subscript I indicates the power-flow during the BER and M mode. The
minus sign in Equation (2.12) indicates that the source S is discharging during
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propulsion and charging during braking. Notice that, if the source S is coupled
at the wheel-side of the transmission, then ηt(t) in Equation (2.12) is left out. The
power set-point is limited between the following constraints,

Ps,min ≤ Po
M ≤ 0 ≤ Po

s,I (t) ≤ Ps,max . (2.13)

Braking powers larger than the maximum charging power Ps,max are assumed to
be dissipated by the wheel brake discs. If only the M and/or the BER mode are
utilized, then the energy difference 4Es,I at the end of the drive cycle becomes,

4Es,I =
∫ t f

0
Po

s,I (t) dt, 4Es,I ∈ R. (2.14)

In order to fulfill the equality constraint h1 of Equation (2.9) this energy has to
be counterbalanced with the relative energy 4Es,I I at the end of the cycle during
the MA and the CH mode as is shown in Figure 2.5, where,

−4Es,I = 4Es,I I . (2.15)

Figure 2.5 / Energy balance during the BER/M and the CH/MA modes.

2.4.2 Power-Flow during the MA, the CH, and the E Mode

The fuel mass-flow during the BER/M mode is ṁ f (Po
s,I (t), t) = 0. Therefore, the

total fuel mass-flow ṁ f (t) can be written as the sum of the fuel mass-flow only
depending on the drive power demand Pv(t) (engine-only, E mode) and some
additional fuel mass-flow4ṁ f (t) depending on the (dis-)charging power Ps,I I (t)
during the MA and the CH mode,

ṁ f (t) =





0, if − Pv(t)/(ηs(t) ηt(t)) ≥ Po
M ,

ṁ f (Pv(t), t)︸ ︷︷ ︸
E mode

+4ṁ f (Ps,I I (t), t)︸ ︷︷ ︸
CH/MA mode

, elsewhere. (2.16)
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If Ps,I I (t) = 0, then the vehicle is propelled by the engine-only (E mode). During
the MA and the CH mode the engine is on and the optimal motor-assisting or
charging power Po

s,I I (t) 6= 0 depends on the drive power demand Pv(t), the com-
ponent efficiencies and the amount of energy4Es,I I that needs to be counterbal-
anced with the energy used during the BER/M mode 4Es,I . The optimization
problem becomes finding the optimal power-flow Po

s,I I (t) during the CH and the
MA mode given a certain power demand Pv(t) while the cumulative fuel con-
sumption denoted by the variable 8 f over a certain drive cycle with time length
t f is minimized subjected to the energy constraint of Equation (2.15):

8 f = min
Ps,I I (t)

∫ t f
0 ṁ f (Ps,I I (t), t | Pv(t)) dt, subject to

∫ t f
0 Ps,I I (t) dt = 4Es,I I .

(2.17)

Finding a solution to this problem is solved via an unconstrained minimization
of the Lagrangian function 8′f using a Lagrange multiplier λ(t).

8′f = min
Ps,I I (t)

∫ t f
0 (ṁ f ((Ps,I I (t), t) | Pv(t))− λ(t) Ps,I I (t)) dt

+ λ(t) 4Es,I I .
(2.18)

The optimal solution is calculated by solving,

∂8′f
∂Ps,I I (t)

= 0, and
∂8′f
∂λ(t)

= 0. (2.19)

The solution is given by,

∂(ṁ f (Ps,I I (t), t) | Pv(t))
∂Ps,I I (t)

− λ(t) = 0, and
∫ t f

0
Ps,I I (t) dt = 4Es,I I . (2.20)

If ṁ f (Ps,I I ) is approximated as a convex quadratic relation [39]:

ṁ f (Ps,I I ) ≈ c2 P2
s,I I + c1 Ps,I I + c0, c2 > 0, (2.21)

then there exists a unique solution for λ(t), i.e., λ(t) = λ0 and Ps,I I (t) imposed
by the (in-)equality constraints (see, also for proof [80]). The parameters ci are
time varying, because the parameters are dependent on Pv(t). Moreover, from
classical optimal control theory, it follows that the solution for λ(t) is a constant
(see, e.g., [16], [24]). This under the assumption that the storage power-flow is
not affected by the state-of-energy of the accumulator. This holds if the change
in, e.g., the internal battery parameters (open circuit voltage, internal resistance)
is neglected, which is assumed in this chapter. The constant λ0 is also referred
to the average equivalent weight factor. The optimizing solution λ0 requires the
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a priori information of the complete drive cycle. If λ0 is known, then the optimal
accumulator power Po

s,I I (t) is calculated by solving at the current time instant t :

Po
s,I I (t) = arg min

Ps,I I (t)
(ṁ f ((Ps,I I (t), t) | Pv(t))− λ0 Ps,I I (t)), (2.22)

where the power set-point is limited between the following constraints,

Ps,min ≤ 0 ≤ Po
s,I I (t) ≤ Ps,max . (2.23)

Then 4Es,I I is discharged (charged) at vehicle power demands where the fuel
savings (costs), i.e., 4ṁ f are maximum (minimum). In addition, the energy
quantities during the MA and the CH mode are in balance with the BER and M
mode over the whole drive cycle.

2.4.3 Optimization Routine (Offline) for calculating Po
M

Summarized, the optimal power set-point for the secondary power source S as
discussed in the previous two sections during the BER/M and the CH/MA mode
becomes respectively:

Po
s (t) =

{
Po

s,I (t) (see, Equation (2.12)), if − Pv(t)/(ηs(t) ηt(t)) ≥ Po
M ,

Po
s,I I (t) (see, Equation (2.22)), elsewhere.

(2.24)
In the Figure 2.6(a), a block diagram is shown of the offline optimization routine
suggested in this chapter. The routine consist of two iteration loops. In addition,
some example results of the iteration loops are shown in the Figures 2.6(b), 2.6(c)
and 2.6(d) respectively. The results are based on a hybrid vehicle, which will be
discussed in more detail in the following section. In iteration loop 1, the value
for λ using a chosen fixed mode switch value of PM =

[
Ps,min, 0

]
is determined,

which assures that for the whole drive cycle the energy during the BER/M modes
is in balance with the energy during the CH/MA modes (see, Figure 2.6(b)). The
corresponding λ is denoted as λ0:

λ0 ∈ {4Es = 4Es(λ) | 4Es(λ0) = 0 ∧ 4Es = 4Es,I +4Es,I I }. (2.25)

In Figure 2.6(c) the resulting8 f as a function of different chosen fixed values for
PM is shown. In iteration loop 2, the optimal value for PM is determined, which
minimizes the total fuel consumption 8 f :

Po
M = arg min

PM
8 f (PM). (2.26)

Then, simultaneously the corresponding value for λ0, denoted as λo
0, is stored

as is shown in Figure 2.6(d). In the following section based on the results with
DP and the RB-ECMS, the relationship between Po

M and λo
0 is discussed in more

detail.
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results of iteration loop 1 and 2.

2.5 Simulation Results

2.5.1 Component Models

Simulations were done for a series-parallel hybrid transmission type (Toyota
Prius, 1998). In Figure 2.7 the control model, which is used to calculate the
optimal control signal is shown. The arrows indicate the direction of power-flow
and the components, which are schematically represented as blocks, are modeled
as static efficiency functions. The control model is a backwards facing or differ-
entiating model. The input is the vehicle speed, which is assumed to be tracked
exactly. The transmission technology under investigation consists of one plan-
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etary gear set and an electric variator (electric machine 1 and 2). The engine is
connected to the carrier, electric machine 1 is connected to the sun gear, electric
machine 2 and the propulsion shaft are both connected to the annulus of the
planetary gear set. In this case S is part of T. However, if only the components,
that are used during the BER and M mode, are defined to be functional part of S,
then electric machine 2 (connected at the wheel-side of T) is part of S (see, Figure
2.7).

Figure 2.7 / Power-flow in the hybrid vehicle drive train (backwards facing control model).

In Table 2.2 an overview of the component data [57] is given. The inertias
of the electric machines, engine and auxiliary loads are, for simplicity, assumed
to be zero. All simulations performed presented in this chapter have been done
for the JP10-15 mode cycle [34]. It is derived from the 10-mode cycle (maximum
speed of 40 km/h) by adding another 15-mode segment of a maximum speed
of 70 km/h. In Figure 2.8 the vehicle speed and the corresponding drive power
demand at the wheels as a function of time is shown. Furthermore, the engine is
assumed to be operated at its maximum efficiency operation points.

2.5.2 Control Models

For comparison the control strategy based on measurement data as is imple-
mented in ADVISOR [88] is compared with the results from the RB-ECMS and
DP. The control strategies, which are compared, are listed in Table 2.3.
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Figure 2.8 / Vehicle speed and mechanical drive power demand at vehicle wheels.

Table 2.2 / Relevant component data.
Series-parallel hybrid configuration

Electric machine 1
(engine-side)

Manufacturer: Toyota; 15-kW (continuous) PM motor/inverter, Torque
range: from 55 Nm to 26 Nm (corresponding speed from 0 rpm to 5500
rpm). The efficiency map includes the inverter/controller efficiencies.

Electric machine 2
(wheel-side)

Manufacturer: Toyota; 30-kW (continuous) PM motor/inverter, Torque
range: from 305 Nm to 47.7 Nm (corresponding speed from 0 rpm to
6000 rpm). The efficiency map includes the inverter/controller efficien-
cies.

Planetary gear
set/Final drive

The planetary gear set ratio and the final drive ratio are -2.6 and 0.2431
respectively. The efficiencies are both constant 0.98 assumed.
Energy storage system

Battery pack Manufacturer: Panasonic; Type: Ni-MH, Nominal voltage 288 Vdc, Ca-
pacity 6 Ah, ξmin = 45%, ξmax = 75%, ξre f = 55%.
Vehicle data

Mass: 1368 kg, Air drag coefficient: 0.29, Frontal area: 1.746 m2, Roll resistance coeffi-
cient: 0.9%, Maximum regenerative brake fraction: 0.5.

Engine data
Manufacturer: Toyota; Displacement and type: 43-kW (at 4000 rpm) 1.5-l SI Atkinson
internal combustion engine. Maximum torque: 102 Nm at 4000 rpm

Reference Heuristic Control Model – ADVISOR

In the Table 2.4 the rule-based conditions that define which hybrid mode is ac-
tive are given. If the wheel torque demand is negative, i.e., Tv(t) < 0, then the
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Table 2.3 / Simulated strategies for comparison.
RB1 Default ADVISOR control strategy
RB2 Optimized ADVISOR control strategy
RB-ECMS RB-ECMS control strategy
DP The strategy based on the outcome of the DP algorithm.

BER mode is active. The control parameters fM = Pp(t)/Pp,max (engine-power-
ratio threshold value) and vM (vehicle-electric-launch-speed threshold value) de-
termine if the M mode is active. The battery is allowed to operate within a certain
defined state-of-charge window, i.e., ξ(t) = [ξmin, ξmax ]. If the state-of-charge ξ(t)
gets too low, then the battery is charged during driving (CH mode) with a certain
charging power, which is the output of a proportional controller of which the in-
put is the difference between ξre f and ξ(t). Motor-assisting (MA mode) is only
performed if the engine torque demand is larger than the maximum available en-
gine torque Tp,max , which is a function of the engine speedωp(t). The default con-
trol parameters fM and vM as implemented in ADVISOR (RB1) were optimized
(RB2) to achieve the highest fuel economy, while the final ξ(t f ) is maintained
within a certain tolerance band ±0.5% from its reference value ξre f .

Table 2.4 / Rule-based control model as is implemented in ADVISOR.
Mode Rule-based condition:
BER ξ(t) < ξmax ∧ Tv(t) < 0
M ξ(t) ≥ ξmin ∧ Pp(t) < fM Pp,max ∨ v(t) < vM
CH ξ(t) < ξmin ∨ ξ(t) < ξre f ∧ Pp(t) ≥ fM Pp,max
E ξ(t) = ξre f ∧ Pp(t) ≥ fM Pp,max
MA ξ(t) ≥ ξmin ∧ Tp(t) > Tp,max (ωp(t))

Reference Optimal Control Model – Dynamic Programming

Using DP for solving the optimal control problem requires discretization of the
Equation (2.7) with a time step 4t . First, the continuous variables are mapped
onto a fixed grid. The DP strategy is used with an input grid of 250 W and a state
grid of 250 J. The relevant state variable is the energy level in the battery, which
becomes

Es(k + 1) = Es(k)+ Ps(k) 4t, for k = [1, .., n − 1] ∈ N0, (2.27)

with the constraints put on Ps(k),

Ps,min ≤ Ps(k) ≤ Ps,max , (2.28)
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and the bounds on Es(k) is written as constraints on Ps(k) in the following way,

Es,min − Es(1) ≤
n−1∑

k=1

Ps(k) 4t ≤ Es,max − Es(1). (2.29)

Furthermore, the energy balance conservation requires,

Es(n) = Es(1)⇒
n−1∑

k=1

Ps(k) 4t = 0. (2.30)

Then, a cost-to-go matrix 8 f is calculated, where each element represents fuel
costs for reaching the final end-state. The DP algorithm holds,

8 f (Es(k), k) =





0, for k = n,

min
Ps (k)

(
8 f (Es(k + 1), Ps(k + 1), k + 1)

+ ṁ f (Ps(k), k) 4t

)
,

for k = [n − 1, .., 1] .
(2.31)

Finally, at each time step k of the optimization search, the function 8 f (Es(k), k)
is evaluated only at the grid points of the state variable. The recursive equation is
solved backwards and the path with minimal costs represents the optimal trajec-
tory (see, Figure 2.9).

Figure 2.9 / Illustration of feasible domain for battery energy and optimal trajectory re-
sulting from DP algorithm along the drive cycle.

2.5.3 Results

In Table 2.5 the fuel economy results for the different strategies are listed. Note
that the measured fuel economy reported by Toyota is 3.57 l/100km (28 km/l).
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In Figure 2.10 the energy distribution over the different hybrid driving modes
for each strategy is shown. In the Figures 2.11(a) and (b) the energy difference
over time 4Es(t) and the fuel consumption 8 f (t) for the different strategies
are shown respectively. With the default control parameters as implemented
in RB1 ( fM = 0.20, which is equivalent to PM ηs(t) = −6 kW, and vM = 12.5
m/s), it was found, that during propulsion at relatively low Pv(t) and braking
the engine was not always allowed to shut off. This resulted in less idle stop
and less effective regenerative braking power due to additional engine drag
torque losses respectively. The optimized control parameters for the RB2 are
fM = 0.116, which is equivalent to Po

M ηs(t) = −5 kW, and vM = 20 m/s. The
optimal value for fM is lower than the default value, which deceases the energy
used during the M mode and the required additional charging cost during the
CH mode (see, Figure 2.10). Furthermore, if the threshold value vM is set to
a larger value than the maximum cycle speed, then effectively more energy is
charged during the BER mode, which reduces the required additional charging
cost during the CH mode further. Although, electric machine 2 is specified at

Figure 2.10 / Energy balances for the different strategies.

30-kW only approximately 4.9 kW is effectively used for propulsion during pure
electric driving (see, RB-ECMS in Table 2.5). The redundant machine power is
mainly used for vehicle performance requirements. The discrepancy between
the fuel economy results and the energy difference over time calculated with the
RB-ECMS and DP is small (±1%). It can be concluded, that the fuel economy
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Figure 2.11 / The energy difference and fuel economy over time for the different strate-
gies.
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with the RB-ECMS is calculated very quickly and with sufficient accuracy.

Table 2.5 / Fuel economy results.
Po

Mηs fM vM Fuel economy (l/100km) 4Es(t f ) Computation

Strategy (kW) (-) (m/s) City Highway Combined (kJ) time(s)∗
RB1 -6.0 0.20 12.5 2.33 4.27 3.34 -22.4 8.0
RB2 -5.0 0.12 20.0 2.70 3.25 2.99 -23.8 8.0
RB-ECMS -4.9 - - 2.78 3.17 2.98 0.9 7.8
DP -4.9 - - 2.78 3.17 2.96 0 462.0

∗ Pentium IV, 2.6-GHz, with 512-MB of RAM

In Table 2.6 the fuel saving for the different hybrid modes are shown. The
reference fuel economy of 5.35 l/100km is calculated with the same vehicle sim-
ulation model under the condition that Ps(t) = 0 ∀ t ∈ {0, t f }. It is observed, that
the largest fuel saving improvement 39.6% is realized with the BER and M mode.
Additional charging (CH1 mode) and using this energy for the M mode increases
the relative fuel saving with approximately 43.6% - 39.6% = 4%. The smallest
fuel saving improvement 44.4% - 43.6% = 0.8% is obtained by performing some
additional charging (CH2 mode) and using this energy for motor-assisting (MA2
mode) during driving.

Table 2.6 / Fuel economy results and relative improvements (RB-ECMS).

Hybrid mode (active = x): Fuel economy Relative fuel Relative
BER M CH1 CH2 MA2 (l/100km) consumption fuel saving

- - - - - 5.35 100.0% -
x x - - - 3.23 60.4% 39.6%
x x x - - 3.04 56.4% 43.6%
x x x x x 2.98 55.6% 44.4%

2.5.4 Evaluation of the Motor-Only Mode

The fuel mass-flow of the engine can be approximated by the affine relationship
[40],

ṁ f (t) ≈ ṁ f,0 + λ1 Pp(t), ṁ f,0 , ṁ f (Pp(t) = 0) (idle fuel mass flow). (2.32)

The idle fuel mass-flow at zero mechanical power is represented by ṁ f,0. The
slope of Equation (2.32) λ1 is approximately constant and expresses the additional
fuel mass-flow over demanded engine power. If the optimal threshold power for
the engine to switch on corresponds to Po

p (t) = −Po
M(t) ηs(t)/ηt(t), then the
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maximum fuel saving in the M mode is given by,

4ṁ f (t) = ṁ f,0 + λ1 · −Po
M(t) ηs(t)/ηt(t). (2.33)

It is found with results from RB-ECMS and DP, that the engine switches on at
the motoring power, where the equivalent fuel cost for charging described by λo

0
is equal to the maximum fuel saving in the M mode:

λo
0 · −Po

M(t) = ṁ f,0 + λ1 · −Po
M(t) ηs(t)/ηt(t) (2.34)

⇔ Po
M(t) = −

ṁ f,0

λ1 · ηs(t)/ηt(t)− λo
0
, (2.35)

describing the relationship between the optimal motoring threshold power Po
M(t)

and λo
0. The optimal motoring threshold power is approximately constant given

that the secondary source - and transmission efficiency are approximately con-
stant for values around Po

M , i.e.,

Po
M(t) ≈ (Po

M | ηs(t) ≈ ηs ∧ ηt(t) ≈ ηt), (2.36)

which is sufficiently accurate to be used with the RB-ECMS as shown in the pre-
vious section. For motoring threshold powers larger than −Po

M the fuel cost for
recharging become larger than the fuel saving, which is schematically depicted
in Figure 2.12.

Figure 2.12 / Mode switch design parameter Po
M .

2.6 Conclusion

In this chapter, an overview of different control methods is given and a new rule-
based EMS is introduced based on the combination of Rule-Based and Equivalent
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Consumption Minimization Strategies (RB-ECMS). The RB-ECMS consists of a
collection of driving modes selected through various states and conditions. In
addition, a graphical representation of the influence of the hybrid driving modes
on the energy balance and the fuel saving potential is discussed. The RB-ECMS
uses one main design parameter and requires no tuning of many threshold con-
trol values and parameters. The main decision control variable is the maximum
propulsion power of the secondary power source (i.e., electric machine/battery)
during pure electric driving. The optimal maximum propulsion power is trade-
off between the fuel saving with pure electric driving (idle-stop), motor-assisting
and the fuel charging cost for counterbalancing the electric energy use. The
fuel economy and control strategy for the Toyota Prius (1998) calculated with
the RB-ECMS was compared with results from the vehicle simulation platform
ADVISOR and DP strategy. The results show, that the default strategy as is imple-
mented in ADVISOR is significantly improved (12%) and that the results of the
RB-ECMS are very close to the global optimal solution calculated with DP (accu-
racy ±1%). The discussed RB-ECMS is optimized offline very quickly, which can
be used as part of a hybrid drive train topology selection and component specifi-
cation tool, which is currently under development by the authors. In future work
the RB-ECMS implemented in an online control application will be investigated.



Chapter 3

Parametric Modeling
for Specification of Components

Abstract / Drive train hybridization implies adding a secondary power source (electric
machine/battery) to a primary power source (engine/filled fuel tank) in order to improve:
fuel economy, emissions, drivability (performance), comfort and safety. Designing a hy-
brid vehicle drive train fulfilling the required vehicle driving functions is therefore a com-
plex task. Many researchers have put effort formulating and developing overall hybrid
drive train analysis, design and optimization models including top-level vehicle control
strategy for optimal fuel economy. This chapter seeks to investigate the possibility of
overall model simplification for the hybrid drive train system including the control strat-
egy. This is performed by describing the component efficiencies and control rules with
only a few characteristic parameters that capture the total systems fuel efficiency with
sufficient accuracy (error ±1%). Using these parameters the modeling and simulation
process can be done very quickly. The method is demonstrated on a series, a parallel and
a series-parallel hybrid drive train with specified component technologies, vehicle para-
meters and drive cycle. The fuel economy and control strategy results are compared with
Simulink/ADVISOR and Dynamic Programming.

3.1 Introduction

Ongoing emission legislation and increasing fuel prices pursue many leading
vehicle manufactures, and their suppliers to put effort in developing and manu-
facturing new efficient, though cost-effective, drive train technologies. On nowa-
days passenger vehicle market, hybrid vehicles are available, e.g., the Honda Civic
IMA, Toyota Prius, Ford Escape, Lexus RX400h, etc. All these vehicles fulfill al-

This chapter has been published in the form of a paper as / [30] Hofman, T., Van Druten,
R., Serrarens, A., and M. Steinbuch, “Parametric modeling of components for selection
and specification of hybrid vehicle drive trains”, WEVA Journal, vol. 1, no. 1, pp. 215-224,
2007.

45
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most the same hybrid functions, e.g., energy recuperation during braking, motor-
assisting, engine off during standstill. However, their drive train topology, trans-
mission technology, and control are completely different. The objectives of a hy-
brid drive train are to some extend improving the driving functions of a vehicle:
fuel economy, emissions, driveability (performance), comfort, and safety.

Due to the complexity of hybrid vehicle drive trains, the design of topolo-
gies, component technologies and the control strategy forms a considerable
challenge for engineers. Therefore, many researchers have devoted their at-
tention to develop different hybrid drive train modeling and simulation tools
[65, 88, 12, 67, 23, 4]. The tools are usually based on predefined drive train topolo-
gies, specific component technologies, and control strategies. In [67, 23] a more
flexible modeling and simulation tool (‘QSS toolbox’) is discussed, with which
user-defined drive train topologies can be build quite easily. In [4, 53] the research
is focused on developing system design tools for optimizing component sizes and
vehicle design parameters, where ADVISOR [88] is used as vehicle modeling and
simulation platform. Other system design optimization approaches use globally
optimal control strategy based on Dynamic Programming (DP) [74]. However, an
integral system design approach is usually characterized by large computational
times, complex design problem (optimization) formulations, multiple subsystem
simulations, non-smooth, or non-continuous models. In addition, insights into
the design problem at hand are lost when a single final design proposal is pre-
sented as a result of a complex integral design process. Interactions between
the different drive train components, topology, and control are then difficult to
investigate.

3.2 Objectives and Approach

This chapter presents a ‘modeling approach’ in characterizing the component
technologies in order to select topologies and for designing the control strategy
of hybrid vehicle drive trains (see, Figure 3.1 for an overview). Thereby, a simpli-
fied or reduced ‘hybrid drive train model’ is introduced, where the main power
sources, i.e., Primary power source (P) (fuel tank/engine), Secondary power
source (S) (battery/electric machine) and Transmission technology (T) (depicted
as ‘black box models’) are modeled by simplified parametric ‘power-based effi-
ciency fit functions’. If an affine relationship is assumed, then the input power
Pin as a function of the output power Pout becomes Pin = c1 · Pout + c0. The
static power losses are represented by c0 and the reciprocal of the inner efficiency
by c1 respectively. Furthermore, the parameter Pmax represents the output power
limitation of the component. In order to capture the high power-loss effects of
the engine a second order approximation gives better-fit results [39].
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The operation points of P, S, and T determine the characteristic parameters
(c1, c0) of the power-based efficiency functions. The operation points are de-
termined the drive cycle, the vehicle load, and the control strategy. The main
assumptions to accelerate the modeling/simulation process are discussed below.

• The operation points during regenerative braking and pure electric driving
over a whole drive cycle are used to fit linear functions describing the S effi-
ciency. If S is coupled at engine-side of the transmission, then S is operated
at the highest efficiency points by selecting the optimal transmission ratios.
If S is coupled at the wheel-side, then the transmission ratio is fixed.

• The operation points during the engine-only mode (with a battery power
equal to zero) over a whole drive cycle are used to fit a linear function de-
scribing the T efficiency. During the engine-only mode P is operated at the
highest efficiency points. This chapter shows that operating S during hy-
brid driving modes has effect on the transmission efficiency. However, the
change in transmission efficiency has a negligible effect on the overall fuel
economy.

The modeling approach discussed in this chapter is a step forward in developing a
quick modeling and simulation tool for component sizing and topology selection
where the fuel economy is calculated very quickly and with sufficient accuracy.
Thereby, a target is to find answers to the underlying research questions.

(i) Can the component efficiency models and the control model be described
with sufficient accuracy by a limited set of characteristic parameters?

(ii) What is the influence of the drive train component technology and the
topology on the fuel economy and emissions?

The first research question studies the influence of the operation points on
the component efficiency. Thereby, ADVISOR and DP are used as reference
‘control models/algorithms’ (see, Figure 3.1 bottom part). In addition, a novel
‘Rule-Based Energy Management Strategy’ (RB EMS) is used with which the fuel
economy and control strategy are calculated very quickly and with the same accu-
racy as DP (error ±1%) [27].

The second research question studies if a simplified hybrid drive train model
can be used independently on the type of hybrid transmission technology. There-
fore, the influence of three typical different hybrid drive train topologies, i.e., ‘se-
ries’, ‘parallel’ and a ‘series-parallel’ hybrid configuration with different compo-
nent technologies on fuel economy and emissions is investigated. The maximum
vehicle power specification consisting of the engine and the electric machine out-
put power is kept constant, such that the (acceleration) performance of the vehicle
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Figure 3.1 / Configuration overview of different hybrid drive trains and modeling ap-
proach.



Section 3.3. Hybrid Drive Train Model 49

is not compromised. Furthermore, for comparison the main vehicle parameters
and the drive cycle describing the vehicle load are also kept constant.

The topology and the rule-based control model are discussed in the Sections
3.3 and 3.4 respectively. The simulation results of the topology and the parametric
component modeling study are discussed in Section 3.5. Finally, the conclusions
are described in Section 3.6.

3.3 Hybrid Drive Train Model

A drive train topology defines the possible connections and puts constraints on
the transmission ratios between P, S, and the vehicle wheels V. For the series
and the series-parallel configuration the advantage is that S is integrated with T.
However, looking at a higher abstraction level for both transmission types, S is
functionally coupled to the wheel-side of the transmission, as is shown in Figure
3.1 (top-right). Thereby, the intrinsic functions for S are defined as performing
recuperation of brake energy (BER) and propulsion-only by S, while P is shut-off
(eliminating the engine drag and friction losses). In addition, for the parallel and
series-parallel configuration CHarging (CH) or Motor-Assisting (MA) during dri-
ving is possible with S. In case of the series or the series-parallel configuration
respectively this will or can also be done with the electric machine connected at
the engine-side respectively. However, some of the charged energy with the elec-
tric machine at the engine-side is directly transmitted to electric machine at the
wheel side (avoiding additional battery losses). In Section 3.4, the hybrid modes
are discussed in more detail. For the parallel configuration S is connected at the
engine-side of T. The variator of the series and the parallel configuration con-
sists respectively of two electric machines and a push-belt Continuously Variable
Transmission (CVT). One of the major advantages of the series configuration is
the infinitely variable transmission ratio. Thereby, it is possible to operate the
engine and the generator intermediately, yet continuously at its highest efficiency
point(s). However, at higher requested vehicle loads, the transmission losses of
the electrical variator are typically larger than compared to a mechanical variator.
The CVT losses in the parallel configuration are lower at higher vehicle loads.
However, due to the overdrive constraint not all optimal operating points of the
engine can be reached. The series-parallel configuration combines the electrical
and mechanical paths, which consists of a planetary gear set combined with two
electric machines. The two electric machines form the electrical variator part of
T. The advantages of a series-parallel configuration, compared to a series config-
uration are:

• the transmission efficiency is higher, since most of the power is transmitted
over the mechanical branch, and
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• an electrical variator with a lower maximum power specification can be
used.

However, a disadvantage is the possible occurrence of recirculation power thereby
reducing the transmission efficiency. The operation of the variator and the influ-
ence of the battery power on the power-flows and the overall efficiency are dis-
cussed in more detail in [26].

3.4 Control Model

3.4.1 Energy Management Optimization Problem

The optimization problem is finding the optimal control power-flow Ps(t) of the
power source S given a certain power demand at the wheels Pv(t), while the
cumulative fuel energy, denoted as the variable E f , over a certain drive cycle with
time length t f is minimized, i.e.,

E f = min
Ps (t)

∫ t f

0
P f (Es(t), Ps(t), t) dt, subject to Eh = 0, Eg ≤ 0, (3.1)

where the fuel power P f (t) is the product of the fuel rate (g/s) and the lower
heating value hlv (J/g) for fuel. The main constraints are energy conservation
balance of Es(t) over the drive cycle, constraints on the power Ps(t), and the
energy Es(t):

h1 : = 4Es = Es(t f )− Es(0) =
∫ t f

0
Ps(t) dt = 0, (3.2)

g1,2 : = Ps,max ≤ Ps(t) ≤ Ps,max , (3.3)

g3,4 : = Es,min ≤ Es(t) ≤ Es,max . (3.4)

3.4.2 The Rule-Based Energy Management Strategy

The control strategy used in this chapter is based on a Rule-Based (RB) Energy
Management Strategy (EMS) as is described in [27]. Thereby, the hybrid drive
train can be operated in certain distinct driving modes. In Figure 3.2, a block di-
agram is shown for the power distribution between the different energy sources,
i.e., fuel tank with stored energy E f , power source S with stored energy Es and
the vehicle driving over a drive cycle represented by a required energy Ev. The
efficiencies of the fuel combustion in the engine (P), the storage and electric mo-
tor (S), and the transmission (T) are described by the variables ηp, ηs , and ηt

respectively. The energy exchange between the fuel tank, S and the vehicle can
be performed in different driving modes. The engine power at the crankshaft is
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represented by Pp. The power demand at the wheels (Pv) and the power flow to
and from the power source S (Ps) determine which driving mode is active.

Figure 3.2 / Power-flows for the different hybrid driving modes. Secondary power source
S is connected at the engine-side of the transmission.

The following operation modes are defined:

M: Motor-only mode, the vehicle is propelled only by the electric motor and
the battery storage supply S up to a certain power level PM , which is not
necessarily equal to the maximum available propulsion power. The engine
is off, has no drag, and no idle losses.

BER: Brake Energy Recovery mode, the brake energy is recuperated up to the
maximum generative power limitation and stored into the accumulator of
S. The engine is off, has no drag and no idle losses.

CH: CHarging mode, the instantaneous engine power is higher than the power
needed for driving. The redundant energy is stored into the accumulator of
S.

MA: Motor-Assisting mode, the engine power is lower than the power needed
for driving. The engine power is augmented by power from S.

E: Engine-only mode, only the engine power is used for propulsion of the
vehicle. S is off and generates no losses.

The engine is off during the M and the BER mode and uses no fuel. This is
also referred to as the start-stop mode. In order to fulfill the integral energy
balance constraint over the drive cycle, the energy required for the M and the MA
mode needs to be regenerated during the BER mode, or charged during the CH
mode. To explain the basic principles of the RB EMS, which is a trade-off between
energy balance and fuel consumption, consider the following two cases. Either
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case represents a different choice for PM , where the recuperated brake energy
(BER) is: (i) not sufficient, and (ii) more than sufficient for supplying the energy
during the motor only mode (M) over a given drive cycle.

(i) The additional required energy for the M mode has to be charged during
the CH mode resulting in additional fuel cost.

(ii) The redundant energy of the BER mode can be used for motor-assisting
during the MA mode resulting in additional fuel savings.

Both cases are schematically shown in the Figure 3.3. Note that PM < 0, since S
is discharged during electric driving. Referring to case (i), if -PM is lowered, then
the additional fuel cost becomes lower due to decrease of the required charging
energy. However, the fuel saving due to the M mode is also reduced, and vice-
versa, if -PM is increased. The same holds for case (ii): the fuel saving during the
MA mode is increased if -PM is lowered, but the fuel saving due to the M mode is
reduced. For both cases, additional charging during driving and using for motor-
assisting can be beneficial, if the energy is charged at a lower driving power, and
this energy is used for motor-assisting at a higher driving power. However, the ad-
ditional fuel saving is relatively small, because the drive energy at higher powers
is relatively small. For more details concerning calculation of the optimal value
for PM , denoted as Po

M , is referred to [27].

Figure 3.3 / Energy balance and fuel consumption, after completion of a whole drive
cycle.

3.4.3 Iterative Drive Train Loss Compensation Procedure

The operation points over the engine output power range in the static-efficiency
map of an engine, which maximizes the engine efficiency are collected by the
Engine Optimal Operation Line (EOOL). The transmission efficiency, which is
the ratio of the vehicle power demand and the optimal engine output power ηt =
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Pv/Po
p , is determined by the optimal engine torque T o

p and speed ωo
p (prescribed

by the EOOL). However, the required T o
p and ωo

p are determined by ηt and the
required Pv. Due to this causality conflict it is impossible to determine the T o

p
and ωo

p exactly. In this study the losses in T and S are iteratively estimated and
are compensated for the engine power Po

p . The error or the drive train loss at a
certain time instant t in each iteration step i is defined as,

ε(i, t) = |Po
p (i + 1, t)− Po

p (i, t)|, (3.5)

with iteration step i ∈ N0. The iteration is repeated until the error ε(i) between
the iteration steps at a certain time instant becomes sufficiently small. In Figure
3.4 the iterative procedure is schematically shown. A mathematical condition to
prevent the iteration loop from instabilities, in terms of the estimation Po

p (i, t) is

|Po
p (i + 1, t)− Po

p (i, t)| < γ · |Po
p (i, t)− Po

p (i − 1, t)|, 0 < γ < 1. (3.6)

This condition implies that error ε of each estimate decreases in each iteration
step i . If the ratio of the error between the previous and the subsequent step
becomes equal to 1 the estimates will not further improve. This corresponds with
the transition between stable and unstable iteration loops.

At later time instants the required Po
p can be calculated using the known value

for the efficiency at the previous time instant. Thereto, the requested Pv is divided
by the computed ηt . Using the modified T o

p and ωo
p prescribed by the EOOL,

which are stored-in look-up tables, the optimal power-flow Ps is calculated using
DP or the RB EMS given the drive cycle and the vehicle parameters.

Figure 3.4 / Drive train loss compensation procedure.



54 Chapter 3. Parametric Modeling for Specification of Components

3.4.4 Reference Control Models: ADVISOR and DP

For comparison the control strategies, which are implemented in ADVISOR, are
compared with the results from DP and the RB EMS. In Table 3.1 the rule-based
conditions that define which hybrid mode is active for the different hybrid trans-
mission types are given. Thereby, the battery is allowed to operate within a certain
defined state-of-charge ξ window, i.e., ξ = [ξmin, ξmax ]. The control parameters as
implemented in ADVISOR were optimized to achieve the highest fuel economy,
while the final ξ(t f ) is maintained within a certain zero change in ξ(t f ) ± 0.5%
tolerance band. The optimizing torque fraction parameter f1,1, the power frac-
tion parameters f0,1, f0,2, and the vehicle electric launch speed threshold value
vM are intrinsic parameters of the control strategy. The parameters are used to
assure that the engine is operated in the relatively high efficiency areas. For de-
tails on these parameters and the functions for calculating the amount of charg-
ing/discharging power for the different topologies is referred to [88].

Table 3.1 / Rule-based control models as are implemented in ADVISOR.
Mode Rule-based condition
BER ξ < ξmax ∧ Tv < 0
M ξ ≥ ξmin ∧ {Pp < f0,1 Pp,max ∨ Tp < f1,1Tp,max (ωp) ∨ v < vM (ξ)

∗ ∨ v < vM
∗∗}

CH ξ < ξmin ∨ ξ < ξre f ∧ { f0,1 Pp,max ≤ Pp ≤ f0,2 Pp,max }
E ξ = ξre f ∧ { f0,1 Pp,max ≤ Pp ≤ f0,2 Pp,max }
MA ξ ≥ ξmin ∧ {Pp > f0,2 Pp,max ∨ Tp > Tp,max (ωp)

∗,∗∗}
Additionally, in case of the *parallel configuration with CVT or the **series-parallel con-
figuration

Using DP the finite horizon optimization problem is translated into a finite
computation problem [27], [8]. Note that in principle the technique results in
an optimal solution for the EMS. However, the grid step size also influences the
accuracy of the result. Furthermore, the engine and the generator of the series
configuration are operated at the System Optimal Operation Line (SOOL). For the
parallel configuration the electric machine and the engine are operated separately
at the maximum efficiency points during the BER, M and the E mode (EOOL).
During the CH and the MA mode the engine and the electric machine are oper-
ated at the SOOL. For the series-parallel configuration the engine is operated at
the EOOL alone.

3.5 Results

All simulations presented in this chapter were performed on the JP10-15 drive
cycle. The inertias of the electric machines, engine and auxiliary loads are, for
simplicity, assumed to be zero. During braking energy is partially recuperated up
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to the maximum generative power limitation of the electric machine. In addition,
some of the braking energy is dissipated between the front - and the rear-wheels
in the wheel-brake discs. The braking energy distribution is prescribed by a non-
linear function, which is dependent on the vehicle speed [88]. During braking
the engine is assumed to be shut-off or disengaged eliminating the engine drag
losses. The Base Line vehicle (BL) is equipped with a 74-kW 1.6-l SI engine and a
push-belt CVT as is used in the parallel configuration. In Table 3.6 an overview of
the component data is given. The total power specification for every hybrid drive
train configuration is kept constant at approximately 74 kW. The battery pack is
sized to meet the power specifications of the motor controller/electric machine.

3.5.1 Fuel Economy and Emissions

In Table 3.2 the fuel economy and emission results for the different hybrid topolo-
gies and control models are listed. In Table 3.4 the characteristic parameters de-
scribing the P, S, T efficiency, which are used with the Control model (C) (RB
EMS) in order to calculate the fuel economy (tests 12-14), are listed. Although
the cost function consists only of the fuel consumption, the HC-, CO-, and NOx -
emissions are reduced for all hybrid drive trains. However, except for the series
configuration, the NOx -emissions are increased. This can be solved by using a
weighted cost function consisting of the sum of the fuel use and emissions and
increasing the weight factor regarding the NOx -emissions. However, this has not
been investigated in this chapter. The relative influence of engine downsizing
(without a battery), topology choice and hybridization (adding an S) on the fuel
economy results is shown in Table 3.3. The lowest fuel economy is realized with
the series-parallel configuration. Due to coupling of S at the wheel-side of T for
the series-parallel configuration (maximizing the regenerative brake efficiency)
the fuel economy is lower than for the parallel hybrid configuration. In Figure 3.5
and Figure 3.6 the energy distribution between different hybrid modes and the
energy difference 4Es over time for the different topologies and strategies are
shown respectively. Although, S is coupled at the wheel-side of the transmission
for both the series-parallel and the series hybrid configuration, it is observed, that
the energy recuperation during braking (BER) for the series-parallel is larger than
for the series. Since, the S efficiency of the series-parallel is higher than the S ef-
ficiency of the series configuration. The series configuration has the highest fuel
consumption mainly due to the lowest transmission efficiency.

3.5.2 Control Models Parameters – ADVISOR

The fuel economy is mainly determined by the control constraints or rules, which
determine where the engine is allowed to be turned off (BER and M mode).
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Therefore, the main control parameters within ADVISOR are f0,1, f1,1, or vM

(see, Table 3.1). The calibrated f0,1 for each topology is also listed in Table 3.4.
Thereby, f1,1 ≥ f0,1 and vM is larger than the maximum cycle speed. The cali-
brated f0,1 for the series configuration is 0.51 (equivalent to Po

M = -32.5 kW). At
this power fraction the engine and generator are operated at the ‘sweet spot’ of
the engine (highest efficiency) and energy is charged with minimum fuel cost.
However, with DP it is found that the fuel consumption is reduced if the elec-
tric machine at the wheel-side is partially supplied by the battery up to a drive
power of approximately 6.1 kW. At higher power demands the battery power is
augmented by power from the engine that is a function of the drive power Pv and
the state-of-charge ξ . It appeared to be not straightforward to adapt the defaults
rules within ADVISOR by changing the main control parameters to the preferred
optimal control settings. This explains the relatively large discrepancy between
the results of DP and ADVISOR for the series configuration. The optimized f0,1,
based on the results from DP, for the parallel and the series-parallel configura-
tion are 0.10 (equivalent to Po

M = -6.1 kW) and 0.12 (equivalent to Po
M = -7.5 kW)

respectively. The default control parameters as implemented in ADVISOR for
series-parallel configuration (Toyota Prius 1998) cause that in the high-speed ar-
eas the engine is not allowed to shut off at relatively low Pv resulting in less idle
stop. In addition, generative torque of the motor during braking is reduced due
to additional engine drag torque. Since, the vehicle speed is then larger than vM .
If vM is set to a larger value than the maximum cycle speed effectively more (free)
energy is charged during the BER mode, which reduces the additional charging
fuel cost. Furthermore, it is found that the optimal EMS is focused on charging
during driving in the low-speed areas (v < 40 km/h) by the generator (15-kW) and
in the high-speed areas by the motor (30-kW) respectively. This has influence on
the optimal Po

M as will be discussed in the following section.

3.5.3 Parametric Efficiency Functions and Hybrid Drive Train Model

Although the static-efficiency map of the engine is very nonlinear, the fuel power
P f as a function of the engine output power Pe calculated at the EOOL is well
approximated by a quadratic fit function, i.e., P f = c2 · P2

p + c1 · Pp + c0 (see,
also [26]). In Figure 3.7(a) and (b) the linear functions fitted through the opera-
tion points for S (BER and M mode) and T (only E mode) are shown. For sake
of clarity, the S efficiency for the parallel configuration as shown in Figure 3.7
includes the T efficiency. The found component parameters including the calcu-
lated optimal control parameter Po

M used in the RB EMS are shown in Table 3.4.
In Figure 3.7(a) also Po

M is shown of tests 9, 10, and 11. Due to uncertainty on the
found fit coefficients, the relative small static losses c0 for S can be larger than
zero. The electric machines at the engine-side of the series and the series-parallel
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Table 3.2 / Simulation results.
Fuel economy Emissions (g/km)†

Test Topology (l/100km) HC CO NOx
Simulink/ADVISOR (efficiency model: η∗ = η∗(T∗, ω∗))

1. BL / 74 kW 8.24 - - -
2. BL / 43 kW 6.13 1.53 2.99 0.63
3. SE 4.99 0.65 2.44 1.10
4. PA 3.33 0.54 1.62 0.61
5. SP 2.99 0.49 1.46 0.54

Dynamic Programming (efficiency model: η∗ = η∗(T∗, ω∗))
6. SE 3.88 0.48 1.64 0.68
7. PA 3.02 0.48 1.47 0.55
8. SP 2.84 0.45 1.39 0.53

Rule-Based EMS (efficiency model: η∗ = η∗(T∗, ω∗))
9. SE 3.89 0.52 1.88 0.82
10. PA 3.07 0.48 1.49 0.58
11. SP 2.98 0.46 1.46 0.56
Rule-Based EMS (efficiency model: η∗ = η∗(P∗), see, Table 3.4)

12. SE 3.90 - - -
13. PA 3.04 - - -
14. SP 2.93 - - -

BL: Base Line vehicle; SE: Series; PA: Parallel; SP: Series-Parallel.
†at engine exhaust system; * = {p, s, t}.

Table 3.3 / Relative fuel economy improvement.
Series (l/100km) Parallel Series-Parallel

A: Downsizing 20.9% (6.52) 25.6% (6.13) 26.5% (6.06)
B: Hybridization 36.7% (3.88) 49.8% (3.08) 52.7% (2.96)
A: Reference test 1: 8.24 l/100km / B: Reference test 2: 6.13 l/100km

configuration are assumed to be part of T. Furthermore, charging and motor-
assisting during driving is only possible with the electric machines at the wheel
side (S). For the parallel configuration charging and motor-assisting during dri-
ving is done at the SOOL, which causes that the S efficiency is not similar to the
S efficiency during the BER and M mode. These assumptions cause that the op-
timal -Po

M with the fit functions used with the simplified hybrid drive train model
is lower than -Po

M with the actual drive train topology and component technology
(see, Table 3.4). Thereby, the energy charged and discharged during driving (CH
and M mode) is reduced (compare tests 9-11 with tests 12-14 in Figure 3.5). How-
ever, the lower value for -Po

M for every hybrid drive train topology has a small
influence (±1%) on the overall fuel economy (compare tests 9-11 with tests 12-14
in Table 3.2). The battery power influences the transmission efficiency. In Figure
3.8, for example, the engine power as function of the vehicle drive power for dif-
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Table 3.4 / Model parameters (see, Table 3.2, test 12-14).
Model parameter for P, S, T, and C

Component Topology c2 (1/W) c1 (-) c0 (W)
P (43 kW) SE/PA/SP 1.16e-5 2.09 5194

S (BER mode) SE - -0.75 -73
S (M mode) SE - -1.48 -46

T (only E mode) SE - 1.40 954
S (BER mode) PA - -0.77 -111
S (M mode) PA - -1.49 75

T (only E mode) PA - 1.11 371
S (BER mode) SP - -0.85 12
S (M mode) SP - -1.43 43

T (only E mode) SP - 1.11 192
Control model Topology: SE PA SP
C (ADVISOR) f0,1/Po

M (-/W) 0.51/-32.5 0.10/-7.5 0.12/-6.1
C (RB EMS, test 9-11) Po

M (W) -9.0 -7.0 -7.0
C (RB EMS, test 12-14) Po

M (W) -6.0 -6.0 -6.0

Table 3.5 / Transmission efficiency parameters.
Series Parallel Series-Parallel

Case c1 (-) c0 (W) c1 (-) c0 (W) c1 (-) c0 (W)
No battery power 1.40 954 1.11 371 1.11 192

Corrected with battery power 1.35 916 1.11 209 1.09 115

ferent battery powers calculated with DP for the series-parallel configuration is
shown. The assumption that the transmission is used in the engine-only E mode
(‘pure transmission efficiency’) over a whole drive cycle for the determination of
the transmission efficiency is acceptable. Since, if the transmission input power
is ‘corrected with the battery power’ during the CH and the MA mode, then it is
observed that the ‘corrected hybrid transmission efficiency’ is slightly better than
the ‘pure transmission efficiency’ (‘no battery power’). However, the discrepancy
is very small. Therefore, the difference in fuel economy is very small. This holds
for every investigated topology (see, Table 3.5). It can be concluded, that the im-
plicit sensitivity of the fit coefficients to battery power for the transmission T is
small.

3.6 Conclusions

The results show that overall model simplification for the hybrid drive train topol-
ogy, component technology, and control strategy regarding fuel economy can be
done with sufficient accuracy (error ±1%). Thereby, the component efficiencies,
and the control model are only described by P + S + T + C = 3 + 4 + 2 + 1 = 10 char-
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Figure 3.5 / Energy distribution over the hybrid modes.

acteristic parameters. This in contrary to the relatively large amount of required
static component efficiency data, the different control rules used in ADVISOR,
or the relatively long computation time with DP. Determination of the compo-
nent parameters describing the component efficiencies, which depend on choice
of engine -, or wheel-side coupling of S to the drive train (topology choice), the
vehicle speed, and load, can be done with sufficient accuracy by using certain
component operation preferences. Moreover, if for example realistic character-
istic parameters for T in combination with a P and S are determined fulfilling
a certain fuel economy improvement, then the component specifications for T
(efficiency) can be derived, and consequently the transmission technology can be
selected. Other components combinations are also possible. In this way, con-
trol design, optimization, component and topology selection, and specification
are merged into a single methodology framework. In future work the design of
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a hybrid vehicle drive train (a passenger car and a distribution truck case study)
using the modeling approach as discussed in this chapter will be investigated.
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Table 3.6 / Component data for hybrid drive trains.
Series configuration

Electric machine
(wheel side)

Manufacturer: Westinghouse; 75-kW (continuous) AC induction mo-
tor/inverter, Torque range: from 271 Nm to 72 Nm (corresponding
speed from 0 rpm to 10000 rpm). The efficiency map includes the
inverter/controller efficiencies. (Data file ADVISOR: MC_AC76)

Electric machine
(engine side)

Manufacturer: Mannesmann Sachs; 63-kW (continuous) PM mo-
tor/inverter, Torque range: from 157 Nm to 110 Nm (corresponding
speed from 0 rpm to 5500 rpm). The efficiency map includes the in-
verter/controller efficiencies. (Data file ADVISOR: GC_PM63)

Final drive The final drive ratio is 0.1472 with a constant efficiency of 0.98
Parallel configuration

Electric machine
(engine side)

Manufacturer: Toyota; 30-kW (continuous) PM motor/inverter, Torque
range: from 305 Nm to 47.7 Nm (corresponding speed from 0 rpm to
6000 rpm). The efficiency map includes the inverter/controller effi-
ciencies. (Data file ADVISOR: MC_PRIUS_JPN)

CVT/final drive The push-belt CVT has an under-drive and over-drive ratio of 0.5
and 2.5 respectively. The final-drive ratio is 0.1715. The effi-
ciency map includes the final drive efficiency. (Data file ADVISOR:
TX_CVT50_SUBARU)
Series-Parallel configuration

Electric machine
(engine side)

Manufacturer: Toyota; 15-kW (continuous) PM motor/inverter, Torque
range: from 55 Nm to 26 Nm (corresponding speed from 0 rpm to 5500
rpm). The efficiency map includes the inverter/controller efficiencies.
(Data file ADVISOR: GC_PRIUS_JPN)

Electric machine
(wheel side)

Manufacturer: Toyota; 30-kW (continuous) PM motor/inverter, Torque
range: from 305 Nm to 47.7 Nm (corresponding speed from 0 rpm to
6000 rpm). The efficiency map includes the inverter/controller effi-
ciencies. (Data file ADVISOR: MC_PRIUS_JPN)

Planetary gear
set/Final drive

The planetary gear set ratio and the final drive ratio are -2.6 and 0.2431
respectively. The efficiencies are both constant 0.98 assumed.
Energy storage system

Battery pack Manufacturer: Panasonic; Type: Ni-MH, Nominal voltage 288 V, Ca-
pacity 6 Ah, ξmin = 0.30, ξmax = 0.80, ξre f = 0.55. (Data file ADVISOR:
ESS_NIMH6)
Vehicle data

Mass: 1368 kg, Air drag coefficient: 0.29, Frontal area: 1.746 m2, Roll resistance coefficient:
0.9 %, Maximum regenerative brake fraction: 0.5. (Data file ADVISOR: VEH_PRIUS_JPN)

Engine data
Manufacturer: Toyota; Displacement and type: 43-kW (at 4000 rpm) 1.5-l SI Atkinson in-
ternal combustion engine. Maximum torque: 102 Nm at 4000 rpm. (Data file ADVISOR:
FC_SI_15l_At_emis)
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Chapter 4

Design of CVT-Based Hybrid Passenger Cars

Abstract / In this chapter the hybridization of a small passenger car equipped with a Con-
tinuously Variable Transmission (CVT) is investigated. Designing a hybrid drive train is a
multi-objective design problem. The main design objectives are fuel consumption, emis-
sions, and performance. However, it is difficult to find a global optimal integral design
solution due to the interdependence of design choices (parameters) regarding the drive
train topology, component sizes, component technologies, and the control strategy, and
the unknown sensitivity of the design objectives to the design parameters. In this work a
parametric optimization procedure is presented in solving the design problem, where the
main design objective is fuel consumption. The effects of parameter variation on the fuel
consumption have been investigated. Furthermore, a reduced hybrid drive train model
is introduced with which the effects of design parameter variation is studied very quickly
(approximately 50-100 times faster computation time than Dynamic Programming) and
with an average error of less than 1.6%.

4.1 Introduction

Sales of hybrid vehicles are becoming more significant every year. The intro-
duction of the Toyota Prius almost 10 years ago, changed the spectrum in the
automotive power train market significantly. The Toyota Prius operates using
an electric Continuously Variable Transmission (CVT) principle [55], whereas the
Honda Civic IMA [49] uses a mechanical belt-driven CVT in parallel with an
electric motor. The CVT principle in the Prius excels in driving agility and fuel
consumption. However, the CVT is relatively costly, in particular, due to the dual
electric machines, the power electronics, and the battery pack. This is one of the
reasons why this hybrid system is now introduced in the higher class vehicles
(e.g., large passenger cars, and large off-roaders). The Honda IMA system uses

This chapter has been submitted in the form of a paper as / [28] Hofman, T., Van Druten,
R., Serrarens, A., and M. Steinbuch, “Design of CVT-Based Hybrid Passenger Cars”,
IEEE Transactions on Vehicular Technology, (submitted), 2007.
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mature and low cost belt-driven CVT technology in combination with a much
smaller electric machine. This saves cost though overall performance is penal-
ized due to the limited electrical assist. Especially, if the relatively small electric
machine is combined with a down-sized engine.

The main functional differences between a hybrid vehicle equipped with a
CVT and a transmission with discrete set of gear ratios (e.g., an Automated Man-
ual (AMT), or an Automatic Transmission (AT)) are:

• the engine, or the electric machine (i.e., only if the electric machine is pre-
coupled to the CVT) can be operated at the optimal operation points,

• the electric machines are part of an electrical or an electro-mechanical CVT
(i.e., in case of a series, or a series-parallel hybrid configuration respec-
tively), and

• a CVT with infinite ratio coverage (e.g., Toyota Prius) allows smooth and
quick engine re-start.

In this chapter, the hybridization of a small passenger car equipped with a
CVT is analyzed and of which the component sizes (power specifications) are
optimized. The base line vehicle is a Toyota Yaris equipped with a 4-cylinder
1.3 liter gasoline engine, a Torque Converter (TC), and a conventional push-belt
CVT. For comparison the effects of changing the CVT technology on the fuel
consumption are investigated. For this purpose, additionally two modern power-
split CVTs, i.e., a one-mode [55] and a two-mode power-split CVT [83] are modeled.
Within this context, a short overview is given below of different CVT solutions.

4.1.1 Diversification of CVT Solutions

An electrical CVT consists of two electric machines. Both electric machines can
operate as motor or generator. If one electric machine is directly coupled to the
engine and the other to the driven wheels, the size (maximum continuous power)
of both machines has to be equal to the maximum power of the engine. The cor-
responding weight and cost would be too high for passenger car applications.
Furthermore, the power conversion from the mechanical domain towards the
electrical domain and vice-versa is not highly efficient. In order to reduce the
size of the electric machines and to improve the efficiency of an electrical CVT,
a power-split device (planetary gear set), that splits the engine-power into a me-
chanical and an electrical path, can be used. However, due to, e.g., the kinematics
of the planetary gear, or the constraints on the ratio-coverage of the transmis-
sion, the reduction of the electric machine sizes is limited, yet still significantly
compared to a pure electrical CVT.
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Summarizing, the advantages of a power-split CVT compared to an electrical
CVT are:

• the transmission efficiency is higher, since most of the power is transmitted
over the mechanical branch consisting of planetary gears, and

• a lower maximum power-flow through the electrical branch is required,
which results in smaller electric machines.

Developments in order to further reduce the size of the electric machines and to
further increase the transmission efficiency is done by Renault [83], Bosch [70],
and others [41]. However, these developments mostly lead to a design close to
that of existing manuals, or automated manuals in which the clutches are re-
placed by electric machines in order to enable continuously variable shifts. This
always leads to a transmission, that is much more complex than a conventional
transmission. Moreover, the electronically controlled clutch to clutch shifts are so
well performed nowadays that it is hard to feel that a shift took place.

The mechanical CVT, which is nowadays produced by Jatco, Aisin, ZF, Toyota,
Subaru, Daimler Chrysler, Audi, etc., is considered a benchmark for all transmis-
sions [47]. The mechanical CVT outperforms the manual transmission regarding
fuel consumption. Moreover, a mechanical CVT outperforms the current auto-
mated manuals regarding cost and comfort [56]. In particular, due to the efforts of
the Japanese transmission manufacturers, the mechanical CVT will have a high
potential on a large scale. The potentials for further improvement of the CVT
efficiency and the reduction of costs are high with new up-coming technologies,
such as slip control [10], on-demand actuation systems [37], and involute chain
technology [82].

4.2 Problem Definition

This chapter presents a modeling and design approach in order to find the opti-
mal values for the following design parameters denoted as x : the drive train topol-
ogy, the component technology, component size (kW), and the control strategy.
This is performed for a parallel hybrid configuration equipped with a push-belt
CVT for a small passenger car (Toyota Yaris). The topology determines where the
power sources (engine, electric machine/battery) are connected to the drive train.

The main design criterium, which is used in order to find the optimal para-
metric values, is the minimization of the overall fuel consumption, denoted as
8 f , on a defined drive cycle. In addition, constraint functions G(x) can be de-
fined in order to keep system properties and variables within certain bounds. The
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design optimization problem is formulated as [62]:

min
x
8 f (x), subject to G(x) ≤ 0, x ∈ X ⊆ Rn, (4.1)

where the feasible design space is assumed to be embedded in the set X with
dimension n. From a hybrid vehicle propulsion design view point the control
design is seen as a subproblem. Therefore, the control model uses a local de-
sign variable, such as the control power-flow of the energy storage system (bat-
tery/electric machine).

4.3 Contribution and Outline of the Chapter

Finding the optimal parametric values is a complex task due to the strong inter-
dependency of the design parameters. Furthermore, calculation of the optimal
control strategy can be a computational burden. In particular, if the control strat-
egy is optimized with control freedom of component operation point on top of
the power distribution problem between the main power sources. In this chap-
ter, in order to alleviate the complex design problem, the effects of employing a
high-level modeling framework in determining the optimal design parameters
are investigated. Initially, detailed component models are used for analyzing the
sensitivity of the design parameters to the design objective. Moreover, the effects
of control freedom in operation point on the total fuel consumption are investi-
gated. Within this context, one of the main questions of the underlying research
is:

• can a reduced hybrid drive train model be employed with sufficient accu-
racy for designing?

This question is answered at the end of this chapter. The outline of this chapter
is discussed next. In Section 4.4, the base line vehicle, the engine, and the push-
belt CVT model used as a reference are discussed. Accordingly, the hybrid vehi-
cle drive trains, the developed power-split CVT models, and the electrical storage
model are discussed. The simulation methods and assumptions are discussed in
Section 4.5. In Section 4.6, the effects of parameter variation on the main design
objective fuel consumption for a parallel hybrid vehicle are discussed. A method
for calculation of the component efficiencies used with the simplified hybrid drive
train model is presented in Section 4.7. The component efficiencies are described
by a few characteristic parameters. The fuel consumption using the reduced hy-
brid drive train model is calculated and compared with that of a detailed hybrid
drive train model. Finally, the conclusions are described in Section 4.8.



Section 4.4. Modeling of the Drive Train Components 69

4.4 Modeling of the Drive Train Components

In this section the used component models for the engine, transmission, and bat-
tery storage system are discussed. Some of the used models, i.e., electric machine
and battery data are obtained from ADVISOR [88]. The static efficiency maps of
the electric machines are (linearly) scaled up or down in order for their properties
to match the desired values. Similar scaling approaches have been utilized by oth-
ers [46, 2, 79, 3]. Nevertheless, some of the used static-efficiency models, i.e., for
the engine, the push-belt CVT, and torque converter TC have been derived based
on performed measurements. The control design method as described in [31] is
used for determination of the optimal control strategy. The control method is
based on the combination of rule-based and equivalent consumption minimiza-
tion strategies with which the fuel consumption can be calculated quickly and
with sufficient accuracy. Next the reference vehicle model and accordingly the
hybrid vehicle drive trains including the drive train components are discussed.

4.4.1 Base Line Vehicle Model

The base line vehicle is a Toyota Yaris (2007) equipped with a 1.3-l SI 64-kW
engine, a torque converter TC, and a hydraulic actuated push-belt CVT. The fuel
consumption of this vehicle was measured on a dynamo test bench for the New
European Drive Cycle (NEDC) (cold en hot engine starts), the Japanese JP10-
15 (only hot engine) cycles, additional different continuous driving speeds, and
wide-open throttle measurement tests. Thereby, the injected fuel mass flow (g/s),
engine crank shaft speed, the drive shaft speed, and torque were measured. Since
the engine crank shaft torque and the efficiency of the actual TC and CVT were
not measured, available experimental validated models [84] for the TC and the
belt-driven CVT were used in order to calculate backwards the required engine
crankshaft torque. The collected measurement data and the reconstructed engine
torque assumed to mimic the actual engine torque were used to reconstruct the
(hot) engine fuel map. A forwards-facing control model consisting of a driver
model and a dynamic drive train model was used in order to validate the used
component models with the measured data. The results are not discussed here
and is beyond the scope of the research presented in this chapter (see, Appendix
A for more details). Instead, only the fuel consumption results of the base line
vehicle are given (see, Table 4.1). The simulation with a wet-plate clutch shows
a relatively small fuel consumption improvement of 2%. The reconstructed fuel
efficiency map as a function of the engine torque Te and speed ωe is shown in
Figure 4.1. In the figure, the fitted or ‘smoothed’ Optimal Operation Line (OOL)
is also shown. The OOL collects the set of engine operation points with maximum
efficiency over the engine output power range.



70 Chapter 4. Design of CVT-Based Hybrid Passenger Cars

Table 4.1 / Reference values: base line vehicle (forwards-facing control model).

Fuel consumption on the JP10-15

Test l/100km Relative values

Measured value (TC) 5.10 100.0%

Catalogue value (TC) 5.00 98.0%

Simulated value (TC) 5.00 98.0%

Simulated value (CL) 4.90 96.0%

TC = Torque Converter, CL =Wet-plate clutch
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4.4.2 Hybrid Drive Train Models

An overview of the hybrid vehicle models and the CVT technologies, which are
investigated, is depicted in Figure 4.2. For the parallel hybrid configuration
equipped with a push-belt CVT (Figure 4.2, top part), denoted as T1, the electric
machine is coupled at the engine-side of the transmission between the clutch and
the transmission. This allows turning the engine off during propulsion phases
[39], since the vehicle can be propelled only by the electric machine. Smooth
engine restart during stand-still with this configuration can not be done without
an additional starter-alternator. This opposed to, e.g., for the Honda IMA, where
the electric machine is directly connected to the engine crank shaft. The Honda
IMA is able to restart the engine during stand-still with the same electric machine
that is used, e.g., for brake energy recuperation or motor-assisting. However, the
Honda IMA is not able to propel the vehicle solely by the electric machine effi-
ciently due to the relatively large engine drag losses.

An electro-mechanical power-split CVT is used in the Toyota Prius (Figure
4.2, mid part), denoted as T2, which has only ‘one-mode’ implying that the CVT
has no clutches nor brakes.

The second power-split CVT developed by Renault [83] (Figure 4.2, lowest
part), denoted as T3, has two modes implying that the transmission can be op-
erated in two modes depending on which brake (i.e., B1 or B2) is engaged. Fur-
thermore, engine restart with T2 and T3 can be done at vehicle stand-still without
using a starter-alternator.

The depicted power-split CVTs are characterized by the possible occurrence
of recirculation power, which diminishes the overall transmission efficiency. The
main power-flow cases are indicated by the arrow directions in the figure for T2
and T3. In T3 also ‘negative recirculation power’ at a certain speed ratio through
the electrical variator occurs. However, this power-flow through the electrical
branch is effectively reduced by applying a gear or a mode shift. In Section 4.4.3
more details on this subject are given. For an overview of the used model data
for the main power sources and the specific electric machine data for T1-T3 is
referred to the Tables 4.2 and 4.3 respectively. Since, the electric machine data for
T3 is not available within ADVISOR (this in contrary to T2), selected data is used
and sized to meet the specifications close to the actual components of T3.

4.4.3 Power-Split CVT

In [50] a ‘black box model’ has been introduced for analyzing power-split CVTs
with several modes, which is adopted in this chapter (see, Figure 4.3). In this
black box model the transmission ‘subsystem’ consists of an arrangement of plan-
etary gears. The clutches for mode switching and some gear stages (including the
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Figure 4.2 / Hybrid drive train models equipped with different hybrid transmission tech-
nologies: T1, T2, and T3.
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Table 4.2 / Base component characteristics.

Engine Toyota Vitz, 4-cilinder, 64-kW peak power (at 6000
rpm), 1.3-l VVTi, 124-Nm peak torque (at 4400 rpm),
40% peak efficiency

Electric
Machine/Controller

PM brushless AC motor, 58-kW peak power (at 1250
rpm), 403-Nm peak torque, 92% peak efficiency,
mass 70 kg (MC_PM58*)

Battery Pack Panasonic, Ni-MH type, current capacity 6 Ah, nom-
inal voltage 1.2 V/cell, storage mass 0.166 kg/cell
(ESS_NIMH6*)

*model data file from ADVISOR

Table 4.3 / Electric machine characteristics for the hybrid vehicle models.

Hybrid
topol-
ogy

Power/torque
range
(± kW/Nm)

Base
speed
(rpm)

Speed
range
(rpm)

ADVISOR
data file

T1 [1-15]/[7-104] 1250 4000 MC_PM58†

T2 15/55 2500 ±5500 GC_PRIUS_JPN

T2 30/305 1000 6000 MC_PRIUS_JPN

T3 25/135 1800 ±11000 GC_PRIUS_JPN†

†linearly scaled as needed

final drive) are assumed to be part of this subsystem. Next, a loss-free analysis is
performed. Accordingly, the power-losses and the efficiency model of the power-
split CVT are discussed.

Loss-Free Analysis

Generally, the speed relations are written as,

[
ωv,p
ωv,s

]
=
[

a b
c d

]
·
[
ωt,p

ωt,s

]
= M ·

[
ωt,p

ωt,s

]
, (4.2)

and for the torque relation holds,

[
Tt,p

Tt,s

]
= −MT ·

[
Tv,p
Tv,s

]
. (4.3)

The variator speed ratio is defined as,

rv =
ωv,s

ωv,p
= −Tv,p

Tv,s
, (4.4)
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Figure 4.3 / Generic black box model for power-split CVTs [50].

and the overall CVT transmission speed ratio is similar defined as,

rt = rCV T · rd =
ωt,s

ωt,p
= −Tt,p

Tt,s
, (4.5)

resulting from the equilibrium of power at the input and output shafts of the
variator and the transmission respectively. The loss-free case [64] shows, that the
variator power ratio Pv,p/Pt,p is written as,

9 = Pv,p
Pt,p
= ωv,p · Tv,p
ωt,p · Tt,p

= rv
rt

dr
drv

. (4.6)

The variator power ratio9 after substitution of Equation (4.2), (4.4) and (4.5) into
(4.6) becomes,

9 = −rv (ad − bc)
(arv − c)(brv − d)

, (4.7)

and the overall speed ratio after substitution of Equation (4.2) and (4.4) into (4.5)
holds,

rt = −
arv − c
brv − d

⇔ rv =
drt + c
brt + a

. (4.8)

The coefficients of the matrix M for the two different power-split CVTs are given
in Table 4.4. In Table 4.5, the transmission model parameters for each transmis-
sion is shown.

The one-mode power-split CVT consists of one planetary gear set and an elec-
trical variator. The engine is connected to the carrier, the generator EM1 is con-
nected to the sun gear, and the annulus of the planetary gear set is connected to
the output shaft of the transmission (see, Figure 4.2 mid-part). The generated
power with EM1 is transmitted to the motor EM2. If the state-of-charge of the
battery is too low, then this energy may be (partially) used for recharging dur-
ing standstill or driving. The power-split situation depends on the variator power
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Table 4.4 / Transmission coefficients.
Transmission Matrix coefficient
topology a b c d

T2 1− z z rd 0 rd
T3 (mode 1) r2 z2/r1 r2 rd (1− z2) r3/r1 (z2 z3 z4 r3 rd (z3 z4 (1− z2)

+(1− z3) (1− z1)) +z1 (1− z3))
T3 (mode 2) r2 z2/r1 r2 rd (1− z2) (1− z1) (1− z3) r3/r1 (1− z3) z1 rd r3

Table 4.5 / Transmission model parameters.
T1 T2 T3

rud = 0.43 z = -78/30 z1 = -75/41

rod = 2.39 rd = 0.25 z2 = -67/25

rd = 0.19 z3 = -63/29

z4 = -79/45

r1 = -55/31

r2 = 51/27

r3 = 26/30

rd = -67/41

ratio 9 and the typical situations are schematically depicted in Figure 4.4. The
situations are depicted under ‘normal operation condition’ (as in a conventional
drive train). The vehicle is defined to be propelled only by the engine and the
generated power is directly transmitted to the motor. The battery is omitted in
the figure. The electric machines EM1 and EM2 operate always mutual exclusive
during the normal and the ‘hybrid operation condition’ (i.e., the engine and the
battery are both used at the same time). During the electric-only modes (regen-
erative braking or propulsion) with the battery (the engine is shut-off): T2 uses
only EM2 and T3 uses both electric machines EM1 and EM2 in the same oper-
ation (generative or motoring) mode respectively. During driving and braking
in the electric-only modes there is small angular speed difference between the
electric machines of T3.

One of the power-split situations, which is depicted in Figure 4.4(a), is de-
fined as ‘power bifurcation’ or ‘positive’ power-split. The power-flow is regarded
as positive going from left to right. If the power-flows through the variator and
the mechanical subsystem have opposite directions, then recirculation power oc-
curs. For the other power-split cases, as shown in the Figures 4.4(b), (c) and
(d), holds that dependent on the direction of power-flow through the variator the
recirculation power is regarded as positive or negative.

A special case, which is not shown in the figure, is 9 = 0. In this situation,
the transmission input power-flow is only transmitted through the mechanical



76 Chapter 4. Design of CVT-Based Hybrid Passenger Cars

(a) (b)

Power-split mode (power bifurcation), Positive recirculation power,

0 < 9 < 1 9 > 1

(c) (d)

Negative recirculation power, Negative recirculation power,

−1 < 9 < 0 9 < −1

Figure 4.4 / Power-split cases dependent on the ratio 9 = Pv,p/Pt,p [50].

subsystem to the vehicle wheels and the power-flow through the variator is zero.
Under this condition the transmission efficiency ηCV T is maximum, since the
mechanical subsystem alone has a higher efficiency than the combined efficiency
of the mechanical subsystem and the variator. If, for example, ωv,p = 0 ∧ Pt,p >

0, then the variator ratio becomes rv → ∞ with Equation (4.4). In addition,
Equation (4.7) shows that the power-split ratio becomes,

lim
rv→∞

9(rv) = 0, (4.9)

and the overall speed ratio rt with help of Equation (4.8) for the one-mode power
split CVT (see, Table 4.4) becomes,

lim
rv→∞

rt(rv) = −
a
b
= (z − 1)

z · rd
= r∗t . (4.10)

If rt > r∗t for a certain transmission output torque, then too much transmis-
sion input torque Tt,p is transmitted through the planetary gear set to the vehicle
wheels. This causes that the motor torque Tv,s changes sign, which results in a
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mode switch between motor and generator function for EM2. Simultaneously,
the generator speed ωv,p changes sign causing a mode switch between gener-
ator and motor function for EM1 and the variator ratio becomes rv < 0. The
transmission efficiency ηCV T is reduced due to negative recirculation power. In
the two-mode power-split CVT also negative recirculation power occurs. How-
ever, the power-flow transmitted through the electrical variator is reduced after
mode switching at r∗t . Thereby, the overall transmission efficiency is effectively
increased over a larger speed ratio range.

Power Losses of the Power-Split CVT

The power losses Ploss of the power-split CVT under normal operation condition
is calculated as the sum of:

• the losses of the electric machines (or the electric variator) Pv,loss described
by variator efficiency ηv on both generator and motor working modes,

• the losses of the planetary gears described by a constant efficiency ηps =
0.98 for each planetary gear set, and

• the losses of the gearwheels, the chain for T2, and the final drive set in-
cluding the differential described by constant efficiencies ηi = 0.98 (with
i ∈ {1, 2, 3}) and η f d = 0.98 respectively.

Note that the hydraulic power losses (and drag losses) of T3 for actuation of the
brakes or dog clutches, which allow a mode change within less then 100 ms, are
neglected. Hydraulic pressure is only required when a mode change occurs.

By utilizing the fact that the variator power ratios are known from the loss-
free model (previous section), a simplified and computational relatively fast loss
analysis of the two power-split CVTs can be made. The overall transmission effi-
ciency ηCV T during positive and negative recirculation power is written as [50]:

ηCV T =
{
(ηps · (1−9)+ ηv ·9) · η f d, for 9 > 0,
(ηps · (1+ ηv ·9)−9) · η f d, for 9 < 0.

(4.11)

In [50] is shown that there is a good correspondence between a CVT efficiency
model using free-body diagrams and the CVT efficiency model described by Equa-
tion (4.11) using a varying (electrical) variator efficiency model and constant effi-
ciencies for the gearwheels and planetary gear sets. Therefore, in this chapter an
electrical variator efficiency model dependent on the operation point (Tv,p, ωv,p)
and variator ratio rv is used. The variator efficiency ηv is determined by the elec-
tric machine efficiencies, the battery power Pb, and the variator input power Pv,p.
The variator input power Pv,p is determined by the direction of power flow or
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the power-split ratio 9 given Pt,p. The variator efficiency ηv is influenced by the
battery power Pb as is explained in the following section. Note that for T3 the
planetary gear set efficiencies are lumped into one planetary gear set efficiency.

Influence Battery Power on Variator Efficiency

The battery power Pb influences the desired operation points of the electric ma-
chines and therefore the variator losses Pv,loss described by the electric machine
efficiencies. The generated electrical power P1 using the static-efficiency map of
EM1 in generator mode ηem1 and the variator output speed, given the variator
input torque, speed, and ratio, is calculated respectively with:

P1 = Pv,p · ηem1

(
ωv,p, Tv,p | ωem1,min ≤ ωv,p ≤ ωem1,max

∧ Tem1,min(ωv,p) ≤ Tv,p ≤ Tem1,max(ωv,p)

)
, (4.12)

and
ωv,s = rv · ωv,p. (4.13)

Since the output variator torque is yet unknown, the vector of the required electric
input powers of EM2 EP2 is calculated using the given static-efficiency map of
EM2 in motor mode ηem2, the variator output speed ωv,s and a vector of available
electric machine output torques ETem2:

EP2 = Pv,s/ηem2

(
ωv,s, ETem2 | ωem2,min ≤ ωv,s ≤ ωem2,max

∧ Tem2,min(ωv,s) ≤ ETem2 ≤ Tem2,max(ωv,s)

)
, (4.14)

Given the battery power Pb and the calculated P1 with Equation (4.12) the avail-
able electric machine input power for EM2 becomes:

P ′2 = −P1 − Pb. (4.15)

The resulting electric machine output torque T ′v,s is calculated by interpolation.
The available T ′v,s is an element of the vector with available electric machine
torques:

T ′v,s ∈ { ETem2 | EP2(ωv,s, T ′v,s)− P ′2 = 0}. (4.16)

Accordingly, the electrical variator efficiency is calculated with:

ηv =
Pv,s
Pv,p
= T ′v,s · ωv,s

Tv,p · ωv,p
= T ′v,s

Tv,p
· rv ∧ Pv,loss = (1− ηv) · Pv,p. (4.17)

Initially, a loss-free analysis gives all speed and torques and thereby also the direc-
tion of the power-flow through the variator. The efficiency of the electric machine
that acts as generator is calculated. Then, for a given battery power the result-
ing differential electric power between the electric machines is determined. The
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desired output torque of the motor is calculated with Equation (4.16) (assum-
ing positive power-split for example) and the variator efficiency is calculated with
Equation (4.17). Accordingly, with help of Equation (4.11) the overall transmission
efficiency is calculated. For a given output torque Tt,s , speed ωt,s , and speed ratio
rt a new set of transmission input torque and speed (Tt,p, ωt,p) can be calculated.
The procedure is reiterated until desired accuracy is reached. The electrical varia-
tor (and transmission) efficiency as a function of the variator (and transmission)
input speed, torque, speed ratio, and battery power for T2 and T3 are stored in
look-up tables. The variator and the transmission efficiencies can therefore also
be expressed as,

ηv = ηv(ωv,p, Tv,p, rv, Pb) and ηCV T = ηCV T (ωt,p, Tt,p, rt , Pb). (4.18)

In the Figures 4.5, 4.6, and 4.7, for example, the efficiency maps at a trans-
mission input speed of ωt,p = 209 rad/s (2000 rpm) as a function of the overall
speed ratio rt and input torque Tt,p given Pb = 0 for T1, T2, and T3 are shown
respectively. The push-belt CVT efficiency is strongly influenced by the input
torque for a fixed input speed. The efficiency increases with increase of input
torque and with increase of speed ratio up to the ‘neutral’ speed ratio rCV T = 1.
The maximum efficiency for the push-belt CVT is at neutral speed ratio rCV T = 1
(indicated with the dashed line in the figure). In contrary to the push-belt CVT
the power-split CVTs are strongly affected by the speed ratio and a little affected
by the input torque. For the power-split CVTs at gear ratios (also indicated by
the dashed lines) where r∗t = −c/d ∧ rv = 0, or a mode switch occurs, i.e.,
r∗t = −a/b ∧ rv = ±∞, the transmission efficiency ηCV T is maximum. The
variator power ratios 9 as function of the overall speed ratio rt for T2 and T3 are
shown in Figure 4.8. The ratios at which 9 = 0 are also indicated.

4.4.4 Battery Model

The maximum battery pack power is equally sized to the maximum possible out-
put power specifications of the electric machine for the parallel hybrid drive train
equipped with the push-belt CVT (T1), i.e., 15 kW. Thereby, the minimum num-
ber of 40 battery modules for the Ni-MH with a nominal battery system voltage of
288 V are needed in order to meet the estimated minimum voltage requirement
of 120 V and the maximum current 125 A allowed by the motor controller/electric
machine. These values are kept constant (see, Table 4.2). For comparison the
same battery efficiency data is used with the other two power-split CVTs.
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Figure 4.5 / Efficiency map for the belt-driven CVT (T1) at ωt,p = 209 rad/s (2000 rpm).

40

40

40

40

40

70

70

70
70

70

70

70

70
75

75
75

75

75 75

75

80808080

80

80
80 80

838383

83

83
83

86868686

86 86 86

88888888

88 88 88
89898989

89 89 89
90909090 90 90 90

S
pe

ed
 r

at
io

, r C
V

T
 r

d [−
]

Transmission input torque, T
t,p

 [Nm]

CVT efficiency map [%]

Recirculation of power

Positive power−split

20 40 60 80 100 120 140
0

0.1

0.2

0.3

0.4

0.5

Figure 4.6 / Efficiency map for the one-mode power-split CVT (T2) at ωt,p = 209 rad/s
(2000 rpm).



Section 4.4. Modeling of the Drive Train Components 81

40 40
40 40

70 70
70

70

84 84 84

84 84 84 84

84

84 84 84

84 84 84

84 848484

86 86 86 86

86

86 86 86

86 86 86

86 86 86

86 8686

88 88 88 88

88 88 88 88

88 88 88 88
88 88 88

88 8888

S
pe

ed
 r

at
io

, r C
V

T
 r

d [−
]

Transmission input torque, T
t,p

 [Nm]

CVT efficiency map [%]

Mode 2

Mode 1

20 40 60 80 100 120 140
0

0.1

0.2

0.3

0.4

0.5

0.6

Figure 4.7 / Efficiency map for the two-mode power-split CVT (T3) at ωt,p = 209 rad/s
(2000 rpm).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

Overall speed ratio, r
t
 [−]

V
ar

ia
to

r 
po

w
er

 r
at

io
, Ψ

 =
 P

v,
p/P

t,p
 [−

]

r
t
* = −a/b (mode switch)

r
t
* = −c/d (mode 1)

r
t
* = −c/d (mode 2)

T2
T3 (mode 1)
T3 (mode 2)

Figure 4.8 / The variator power ratio as a function of the overall speed ratio for T2 and
T3.



82 Chapter 4. Design of CVT-Based Hybrid Passenger Cars

Figure 4.9 / Power-flow in the hybrid drive trains (backwards-facing control model) for
T1, T2, and T3.

Table 4.6 / Vehicle model parameters.
Description Symbol Value Unit
Total mass mv 1134 kg
Wheel radius rw 0.277 m
Inertia of two wheels Jw 1.5 kg m2

4.5 Simulation Method

In Figure 4.9 the power-flows in the hybrid drive trains for T1, T2, and T3 are
schematically visualized, which is a backwards-facing model implying that the
vehicle speed vv prescribed by the drive cycle is assumed to be tracked exactly.
This model is used to compute the optimal control signals that minimize the fuel
consumption.

The inputs are the battery input power Ps , the velocity vv described by the
given drive cycle and the vehicle drive power demand Pv. The outputs are the
engine speed ωe and torque Te, which are used to compute the fuel mass flow
ṁ f (g/s). The vehicle parameters of the Toyota Yaris determine the vehicle road
load torque Trl . The vehicle model parameters are listed in Table 4.6. Note that
the battery power can be affected by additional electrical (auxiliary) loads, which
is not shown in the figure. The vehicle road load depends on the vehicle speed vv
(m/s) (assuming no wheel slip) and is the sum of the roll resistance and the air
drag torque:

Trl(t) = 36.8+ 0.416 vv(t)+ 0.113 vv(t)2, (4.19)

where the vehicle power demand as a function of time Pv(t) becomes,

Pv(t) = Trl(vv(t))/rw · vv(t)+ (mv + Jw/r2
w) · v̇v(t). (4.20)
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The vehicle mass, the inertia of the wheels, and the wheel radius are described by
the parameters mv, Jw, and rw respectively. The energy level in the battery and in
the fuel tank are represented by the variables Es and E f respectively.

The simulation procedure, which is described by sequential computation
steps, in order to calculate the fuel mass flow rate ṁ f as a function of the battery
input power Ps given vv and Pv, is discussed below.

Step 1. In the first step the transmission efficiencies ηCV T are computed
for all admissible battery powers Pb, transmission input torques Tt,p, speeds ωt,p,
and speed ratios rt and are stored in multi-dimensional look-up tables. The trans-
mission efficiency can be expressed as,

ηCV T = ηCV T (ωt,p, Tt,p, rt , Pb). (4.21)

This is performed for the hybrid vehicle configurations T1, T2, and T3.

Step 2. In the second step the fuel mass-flows ṁ f (g/s) are computed for
all admissible battery powers Pb given the drive power demand Pv(t) and the
angular vehicle wheel speed ωv(t) = vv(t)/rw. The fuel mass-flows are computed
for two different control strategies focussing on maximizing the engine ηe or the
system efficiency ηsys at each time instant. These two control strategies, which
determine the engine operation point, are referred to as CS1 and CS2 respectively.

The system efficiency (see, Figure 4.9) is defined as the product of the engine
and the transmission efficiency (without the battery) and is written as:

ηsys = ηe(ωe, Te) · ηCV T (ωe, Te, rt , Pb), (4.22)

with Tt,p = Te and ωt,p = ωe. Since the input shaft of the CVT is directly con-
nected to the output shaft of the engine. Accordingly, the optimal speed ratio and
engine torque are selected:

(ro
t (Pb, t), T o

e (Pb, t)) = arg max
(rt ,Te) ∈ O

(η∗ | Pb, Pv(t), ωv(t)), (4.23)

for ∗ ∈ {e, sys} where the set O covers the feasible solutions that satisfy the
constraints:

O =





(rt , Te) | ω∗∗,min ≤ ω∗∗ ≤ ω∗∗,max ∧
T∗∗,min(ω∗∗) ≤ T∗∗ ≤ T∗∗,max(ω∗∗) ∧
(rud ≤ rCV T ≤ rod)|T 1 ∧
Pb,min ≤ Pb ≤ Pb,max




, (4.24)

for ∗∗ ∈ {e, em} and rCV T is limited by the (under-)over drive ratios rud, rod for
T1.
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The optimal gear ratios and engine torques for all admissible battery powers
for both control strategies (CS1, CS2) are stored in multi-dimensional look-up
tables and are used to compute the fuel mass-flows using the engine fuel map.
If the optimal gear ratios and engine torques at each time instant are known
for different values of Pb given Pv(t) and ωv(t), then the fuel mass-flow can be
expressed only as a function of the battery power,

ṁ f = ṁ f (Pb, t | Pv(t), ωv(t)), (4.25)

for CS1 and CS2.

Note that in case of engine optimal operation (CS1) the transmission effi-
ciency ηCV T is determined by the speed ratio ro

t (t, Pb) and engine torque T o
e (t, Pb)

(pre-scribed by the OOL) given a certain vehicle speed ωv(t). However, in a
backwards-facing control model the required ro

t (t, Pb) and T o
e (t, Pb) given a cer-

tain speed ωv(t) are determined by ηCV T and the given Pv(t). Due to this causality
conflict it is impossible to determine the ro

t (t, Pb) and T o
e (t, Pb) given a certain

speed ωv exactly. In this study for CS1 the transmission losses are iteratively es-
timated and are compensated for the engine power Pe(t). The iteration error,
denoted as ε, at time instant t in each iteration step i is defined as:

ε(i, t) = |Pe(i + 1, t)− Pe(i, t)|. (4.26)

The iteration is repeated until the error ε(i, t) between the iteration steps at a
certain time instant becomes sufficiently small (i.e., ε(i, t) < 10 W). A mathe-
matical condition to prevent the iteration loop from instabilities, in terms of the
estimation Pe(i, t) is

|Pe(i + 1, t)− Pe(i, t)| < γ |Pe(i, t)− Pe(i − 1, t)|, 0 < γ < 1. (4.27)

This condition implies that the error ε of each estimate decreases in each itera-
tion step i . If the ratio of the error between the previous and the subsequent step
becomes equal to 1 the estimates will not further improve. This corresponds with
the transition between stable and unstable iteration loops. At later time instants
the required Pe is calculated using the known values for the efficiencies at the pre-
vious time instant. Thereto, the requested Pv(t) is divided by the computed ηCV T .

Step 3. In the third step the optimal control strategy is determined using
the control design model as described in [31], where the engine efficiency (CS1) or
the system efficiency (CS2) at each time instant t is maximized and the total fuel
consumption 8 f is minimized. The optimization problem is finding the control
power-flow Ps(t) given a certain power demand at the wheels Pv(t) and wheel
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speed ωv(t), while 8 f over a drive cycle with time length t f is minimized, i.e.,

8 f = min
Ps (t)

∫ t f

0
ṁ f (Ps(t), t | Pv(t), ωv(t)) dt, (4.28)

subject to certain component constraints Eh = 0, Eg ≤ 0, which are described
below. The state is equal to the stored energy Es in the battery in J, and the
control input is equal to the battery input power Ps in W (see, Figure 4.9):

Ps = min(Pb/ηb(Pb), Pb ηb(Pb)). (4.29)

The battery efficiency ηb is only a function of the battery power Pb, since the
influence of the relatively small variation in the battery energy level on the battery
efficiency is small and therefore neglected. The energy level in the battery is a
simple integration of the power and is calculated as follows,

Es(t) = Es(0)+
∫ t

0
Ps(τ ) dτ. (4.30)

The main constraints on the battery are energy balance conservation of Es over
the drive cycle and constraints on the power Ps :

h1 : = Es(t f )− Es(0) = 0,
g1,2 : = Ps,min ≤ Ps(t) ≤ Ps,max .

(4.31)

The computation steps 1–3 are performed for different electric machine sizes
(1–15 kW) in combination with other different design parameters. In the follow-
ing section, the modeling assumptions, the descriptions, and the symbols of the
investigated design parameters are discussed.

4.5.1 Assumptions and Descriptions of the Design Parameters

Initially, for the hybrid vehicle models the following Assumptions (A.) are made.

A. 1 The drive train components (engine, transmission, electric machine, bat-
tery) are modeled as quasi-static efficiency models.

A. 2 The electric machine characteristics (maximum torque curve and static-
efficiency map) are linearly scaled as needed. The effect of the vehicle mass
increase by up scaling of the electric machine is neglected.

A. 3 For the whole drive cycle the electrical auxiliary loads are constant 200 W
assumed. For the base line vehicle the electrical auxiliary loads increase the
fuel consumption with 0.13 l/100km for the JP10-15.
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A. 4 The minimum engine speed during operation is 980 rpm equally to the
reference vehicle with a conventional drive train.

A. 5 The braking forces are evenly distributed between rear and front wheels.
The brake force distribution ratio between front and rear wheels is denoted
as f f b. In order to maximize the vehicle stability an adaptive brake force dis-
tribution should be considered [21]. However, in this chapter ideally braking
is not considered. Instead the influence of different constant values for f f b,
also referred to as regenerative brake fraction, is investigated.

A. 6 The maximum electro-mechanical braking power is limited by the torque,
speed and power constraints of the electric machine and battery respec-
tively. Braking powers larger than the maximum electrical regenerative
braking power are assumed to be dissipated in the front-wheel brake discs.

A. 7 The engine has no drag or idle losses at vehicle stand still. This start-stop
function decreases the fuel consumption with 0.66 l/100km for the JP10-
15. Fuel saving with start-stop during propulsion depends on the degree-of-
hybridization.

A. 8 The fuel use for engine cranking is neglected, since the engine can be
started with the electric machine in a very short time period (typically 100
ms - 300 ms). The required electrical energy for engine start (usually the
engine is started when the vehicle is already driving) is therefore limited
and very small. However, the power for engine start is relatively high.

A. 9 During braking the CLutch is Open (CLO) and the Engine is assumed to
be OFF (EOFF) (i.e., inducing no additional drag torques and no idle fuel
consumption). This assumption decreases the fuel consumption with 0.45
l/100km.

If during braking in a real vehicle the engine is completely shut-off and disen-
gaged, then quick engine restart during driving can be uncomfortable and there-
fore unacceptable. Unless, for example, the electric machine is sufficiently large
in order to deliver the relatively large engine start-up torques, which are super-
posed on the drive torque demand. Therefore, two other braking strategies are
investigated where the Engine remains ON (EON) during braking in combina-
tion with the electric-only vehicle speed threshold value, which is denoted as vM .
The engine is always on for vehicle speeds above this value, and vice-versa. This
will be discussed by the descriptions of the design parameters in more detail.

A. 10 The electric-only vehicle speed threshold value vM is 20 km/h, which is
equal to the measured value for the Toyota Prius on the JP10-15 cycle [17].
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A. 11 During the electric-only mode (propulsion and braking) the CVT speed ra-
tio is assumed to be controlled, such that the electric machine is operated
at the highest efficiency points. In [90] is shown, that this braking strategy
provides increased recuperated energy.

Next the descriptions and the symbols of the Design (D.) parameters are given.

D. 1 Regenerative brake fraction: determines the distribution fraction f f b be-
tween the front- and the rear-wheels, where the regenerative braking power
becomes PB E R(t) = f f b · Pv(t | Pv(t) < 0) with f f b ∈ {0%, 50%, 100%}.

D. 2 Drive cycle: the vehicle load is influence by using the New European Drive
Cycle (NEDC) or the Japanese drive cycle (JP10-15) (see, Equation (4.19)).

D. 3 Component size: the component efficiencies, the power-flow control strat-
egy, and the fuel saving potential are affected by the size of the electric
machine. The base electric machine size is linearly scaled as needed (see,
Table 4.3).

D. 4 Transmission technology: the efficiency of the power-flow paths between
battery/eletric machine, engine, and the vehicle wheels is determined by
T1, T2, or T3.

D. 5 Topology: determines where the electric machine is coupled to the trans-
mission, i.e., at the PRImary (engine-side) (PRI), or at the SECondary side
(wheel-side) (SEC) of the transmission. When it is coupled at the secondary
side, a reduction set of gearwheels with a fixed speed ratio is selected, such
that the electric machine is able to reach the maximum drive cycle speed
(70 km/h for the JP10-15). The efficiency of the reduction set is constant
98% assumed. Note that start-stop is still possible with this configuration,
since the engine is in principle restarted with the starter-alternator. With-
out a starter-alternator, engine restart with an electric machine coupled at
the wheel-side requires a relatively large and more costly electric machine
due to the transmission losses and relatively low torque multiplier factor
[33].

D. 6 Actuation technology for the push-belt CVT: one of the major power losses
of the conventional push-belt CVT (which are in the order of 50% of the
total power losses [1]) are caused by the hydraulic pump. Therefore, the in-
fluence of applying an Electro-Mechanical Actuation (EMA) system instead
of a HyDraulic Actuation (HDA) system on the fuel consumption is inves-
tigated. The electro-mechanical actuation power, which is only required
during operation of the push-belt CVT, is constant 90 W assumed. The



88 Chapter 4. Design of CVT-Based Hybrid Passenger Cars

efficiency of the EMA system is constant 90% assumed, which results in a
battery output power demand of 100 W.

D. 7 Regenerative brake strategy (combined with an electric-only vehicle speed
threshold value): the influence of the electric-only vehicle speed threshold
value vM on the fuel consumption is investigated in combination with the
clutch state (i.e., closed, or open) during braking. Depending on the clutch
state the engine applies ‘fuel cut-off’ (no fuel injection) and has engine drag
losses, or idle fuel mass-flow during regenerative braking.

a. CLutch Open/Engine ON (CLO/EON): the Engine is ON at idle speed
610 rpm and disengaged. The engine has idle-fuel mass-flow until
vv(t) = vM . However, the engine has no drag losses. The electric
machine is operated at the OOL during braking.

b. CLutch Closed/Engine ON (CLC/EON): the Engine is ON and en-
gaged. The engine has no fuel mass-flow (i.e., fuel cut-off) until
vv(t) = vM . However, the engine has drag losses. The drag losses
cause reduction of the recuperative brake energy. Notice that the push-
belt CVT is controlled, such that the engine output shaft is rotating at
the minimum speed (610 rpm), while the engine drag losses are min-
imized.

For both cases the engine is switched off and disengaged during braking
only if vv(t) < vM . The strategies are schematically visualized in the Figure
4.10.

D. 8 Speed ratio control strategy: the CVT speed ratio is controlled based on
engine optimal operation (CS1) or system optimal operation (CS2).

In the following section the effects of parameter variation (D. 1 – D. 8) on the fuel
consumption are investigated.

4.6 Results

4.6.1 Effects of Parameter Variation (D. 1 – D. 8) on the Design Objective

The responses of the design objective (fuel consumption)8 f as a function of the
electric machine size (D. 3) for the different design parameters (D. 1, D. 2, and
D. 5 – D. 8) are shown in Figure 4.11. It should be noticed, that the transmission
technologies T2 and T3 (D. 4) in combination with different electric machine
sizes have not been varied. The electric machines of T2 and T3 are part of the
transmission technology and are for these transmissions fixed. Although the re-
sponse functions show small local oscillations (local minima), the global trend of
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Figure 4.10 / Engine on/off strategy.

the response functions shows a convex curvature. The optimal electric machine
sizes are easily determined and are depicted by the white-colored circular marks.
The relatively fuel consumption values are shown in the figure at the right-side.
A bar diagram with the fuel consumption at the optimal electric machine size (D.
3) as a function of the different design parameters is shown in Figure 4.12. In
this figure the fuel consumption results for T2 and T3 (D. 4) with CS1 are also
shown. The Observations (O.), which are made following from the parameter
variation study, are discussed next.

O. 1 A 5-kW electric machine size is sufficiently for the EMA push-belt CVT (T1)
in order to minimize the fuel consumption on the JP10-15. The optimal
size is independent on the topology choice (D. 5), the regenerative braking
strategy (D. 7), and the CVT speed ratio control strategy (D. 8).

In Figure 4.13 the static-efficiency maps of a small and a large electric machine
is schematically visualized. The styled OOLs for both electric machines are also
depicted. If the electric machine is operated during the electric-only modes at the
OOL, then for a larger electric machine the desired optimal speed is lower than
for a smaller electric machine given the same output power. However, the electric
machine output torque is higher, which increases the push-belt CVT efficiency.

O. 2 The optimal electric machine size is a trade-off between the average electric
machine and CVT efficiency, which decrease and increase respectively with
increase of electric machine size.

The optimal electric machine size for the HDA push-belt CVT is approximately
10 kW. The optimal electric machine size is larger than for the EMA push-belt
CVT due to the higher static losses of the HDA push-belt CVT. For the NEDC
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Figure 4.11 / Fuel consumption as a function of the electric machine size (D. 3) for differ-
ent design parameters (D. 1, D. 2, and D.5 – D. 8).
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Figure 4.12 / Fuel consumption as a function of the technologies, control strategies,
topologies, component sizes, and functions. n/a = not applicable.

the optimal electric machine size is also 10 kW due to the higher braking powers
compared to the JP10-15. For the f f b = 100% (100%BER) the optimal electric
machine size is 6 kW due to increase of maximum braking power and regenera-
tive brake energy on the JP10-15.

O. 3 The start-stop function at vehicle standstill reduces the fuel consumption
relatively by approximately 13.8% or 14.3%, which depends on the type of
actuation technology (compare test 4 with 6 and test 5 with 7 of Figure
4.12).

O. 4 The fuel saving increases with increase of the brake distribution fraction.
It is observed, that if fbr is increased from 50% to 100% BER at the front
wheels, that the fuel consumption is relatively decreased by 12.8% (com-
pare test 14 with 19 of Figure 4.12).

O. 5 The vehicle load prescribed by the NEDC increases the fuel consumption
by 10% compared to the JP10-15 (compare test 8 with 14 of Figure 4.12).
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Figure 4.13 / Influence of the electric machine size on the efficiency.

O. 6 Hybridization of the drive train with a 5-kW electric machine, which is con-
nected at the engine-side of the EMA push-belt CVT with 50%BER, reduces
the fuel consumption by approximately 3.5% or 11.3% depending on the re-
generative brake strategy (excluding start-stop at vehicle standstill; compare
test 7 with 10 and test 7 with 14 of Figure 4.12).

O. 7 Changing the hybrid transmission technology reduces the fuel consump-
tion by 3.4% for T2 and 6.5% for T3 (compare test 14 with 16 and test 14
with 18 of Figure 4.12).

O. 8 Connecting the electric machine at the wheel-side of the push-belt CVT
reduces the fuel consumption by 5.1% due to higher transmission efficiency
during regenerative braking (compare test 14 with 17 of Figure 4.12).

However, due to the fixed gear ratio between electric machine and wheels, the
electric machine operation points are prescribed by the drive cycle and the ve-
hicle power demand. The operation points are therefore not optimally selected.
In addition, the average electric machine efficiency decreases with increase of
electric machine size, which causes a decrease in fuel saving again.

O. 9 The EMA push-belt CVT compared to the HDA push-belt CVT reduces the
fuel consumption by 3.1% and 5.4% for the base line and hybrid vehicle
respectively (compare test 4 with 5 and test 11 with 14 of Figure 4.12).

O. 10 Fuel cut-off (CLC/EON) during regenerative braking is more beneficial
than idling of the engine (CLO/EON). The relative fuel consumption with
CLC/EON compared to CLO/EON is 4.7% lower (compare test 10 with 13
of Figure 4.12).
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O. 11 The influence of system optimal operation CS2 compared to engine op-
timal operation CS1 on the fuel saving for the hybrid vehicle is relatively
small. The fuel consumption is reduced by 1.3% or 1.1%, which depends on
the type of actuation technology (compare test 11 with 12 and test 14 with 15
of Figure 4.12).

In Figure 4.14 an overview is shown of the relative effects of the parameter
variation on the fuel consumption change. Some of the bars, which are indicated
with an (lower-)upper boundary value, represent the average values of the per-
formed tests. The upper or lower boundary value represents the maximum or the
minimum value respectively. Since the cross-correlation of parameters variation
is not investigated, the relative effects that (de-)increase the fuel consumption
can not be summed up. Nonetheless, it can be concluded, that the fuel saving
potential is strongly affected by the following design parameters (D. 1 – D. 5):
the regenerative brake fraction, the drive cycle (vehicle load), the component size
(and start-stop), transmission technology, and the topology.
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Figure 4.14 / Overview of the relative effects of parameter variation on the fuel consump-
tion.
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In Figure 4.15 the power-flow control strategies Ps(t), including the battery
energy level difference over time 4Es(t), are shown for comparison of the HDA-
PRI push-belt CVT, EMA-PRI push-belt CVT, and the EMA-SEC push-belt CVT.
The other design parameters, that are kept constant, are shown in the title of the
figure. In the diagrams at the bottom of the figure, the strategies for the different
regenerative brake fractions fractions are shown. The transmission efficiencies
during the electric-only modes are larger for the EMA-PRI CVT and the EMA-SEC
CVT in comparison with the HDA push-belt CVT. This causes that effectively
more brake energy can be used for electric driving. Furthermore, if the brake
fraction f f b increases, then the electric machine is more intensively used during
the electric-only modes.
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Figure 4.15 / Battery storage power and Battery energy level difference.
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In this section the electric-only vehicle speed threshold value vM was kept
constant at 20 km/h for the different regenerative brake strategies. In the follow-
ing section the effects of changing vM on the fuel consumption for the different
brake strategies are investigated.

4.6.2 Effects of the Electric-Only Vehicle Speed Threshold Value on the
Design Objective for Different Brake Strategies (D. 7)

In the Figure 4.16 the contour plots of the fuel consumption for the CS1-
EMA-50%BER-PRI-JP1015 as a function of the electric machine size (kW) and
the electric-only vehicle speed threshold value vM (km/h) for the CLO/EOFF,
CLO/EON, and CLC/EOFF braking strategy are shown respectively. The follow-
ing observations are made based on these results.

O. 12 The CLO/EOFF strategy has by increasing of vM larger than 20 km/h a neg-
ligible effect on the fuel consumption improvement. From the optimized
control strategy it followed that propulsion-only by the electric machine dur-
ing acceleration up to vehicle speeds higher than 20 km/h do not occur.

O. 13 The CLC/EON strategy is preferable above CLO/EON strategy for electric-
only vehicle speed threshold values lower than 40 km/h. The fuel savings
by fuel cut-off and recuperation of brake energy are effectively larger, than
the fuel costs of engine idling during braking although with the CLC/EON
strategy the recuperative brake power is reduced.

4.6.3 Effects of Changing the Hybrid Transmission Technology (D. 4) on
the Design Objective and Component Efficiencies

Table 4.7 shows the fuel consumption results for the base line vehicle and for the
hybrid vehicle equipped with the different transmission technologies (T1–T3).
For the base line vehicle the battery is not used, i.e., Ps(t) = 0. For the hybrid
vehicle the fuel consumption results are similar to the results, which are shown
in the Figure 4.12. The lowest fuel consumption is achieved with T1-EMA for
the base line vehicle and with T3 for the hybrid vehicle. However, for the hybrid
vehicle the relative differences between T1-EMA-SEC and T3, and, between T2
and T3 are very small, i.e., 1% and 2% respectively.

The higher fuel consumption of T2 compared to T3 for both the base line and
the hybrid vehicle is caused by the lower average CVT efficiency of T2. For the
base line vehicle this is explained with the Figure 4.17. In the figure, the CVT
efficiency ηCV T as a function of the overall speed ratio rt is shown for the base
line vehicle equipped with T2 and T3 respectively. At low and high speed ratios
the CVT efficiency of T3 is typically larger than the CVT efficiency of T2.
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Figure 4.16 / Contour plots of the fuel consumption as a function of vM and the electric
machine size for different brake strategies.

Table 4.7 / Fuel consumption results with CS1, 50%BER, and vM = 20 km/h.

Fuel consumption (l/100km) on the JP10-15

CVT technology Base/Hybrid Relative change %

T1†-HDA-PRI 4.78/3.72 100%/79%

T1†-EMA-PRI 4.63/3.52 97%/74%

T2 4.97/3.40 104%/71%

T1†-EMA-SEC 4.63/3.34 97%/70%

T3 4.90/3.29 103%/69%

†5 kW optimal electric machine size.

The figure shows that the difference between the CVT efficiency calculated
with an average constant electrical variator efficiency (solid lines) and with a vari-
able variator efficiency over a drive cycle is small. The average variator efficiency
of T3 is lower than of T2 due to the larger electric machine EM1 of T3 compared
to T2.
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Figure 4.17 / Overall CVT efficiency ηCV T as a function of the overall speed ratio rt for
the base line vehicle equipped with T2 or T3 (without battery power Pb = 0) simulated
on the JP10-15.

For the hybrid vehicle the average component efficiencies and the relative
fuel savings as a function of the transmission technologies and topologies are
shown in the Figure 4.18. The secondary power source efficiency, denoted as
ηs , consists of the battery, the electric machine, and the transmission efficiency
(e.g., the push-belt CVT, or the reduction set including the final drive set) from
the battery to the wheels during the electric-only modes (regenerative braking,
propulsion). The decrease in fuel consumption is in correspondence with the
increase of the average component efficiencies. The fuel consumption is strongly
correlated with the secondary power source ηs and the transmission efficiency ηt .
Since the engine efficiency ηe remains approximately constant.

Due to the lower CVT efficiencies and the slightly higher secondary source
efficiencies of T2 and T3 compared to T1-EMA-SEC the electric machines of T2
and T3 are more intensively used during the electric-only modes. This causes a
larger battery energy depth of discharge as is shown in Figure 4.19.

4.7 Reduced Hybrid Drive Train Model

The computation steps as discussed in Section 4.5 are quite tedious to carry out.
In this section, a reduced hybrid drive train model describing the main compo-
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nent models and the topology is discussed, which can be used for design ana-
lysis decoupled from the choice of specific components, hybrid drive train con-
figurations, and control strategy. The idea of a high-level modeling and design
framework as presented in [30] is further investigated. First, the assumptions for
simplified modeling of the components and topology are discussed.

• The component efficiencies are modeled as simplified parametric power-
based fit functions, where, e.g., a linear relationship between input and
output power is assumed: Pin = c1 ·min(Pmax , Pout)+ c0.

The parameter Pmax represents the output power limitation of the component.
The parameters c1 and c0 represent the fit coefficients and correspond to the re-
ciprocal of the internal efficiency and the static losses respectively. In Figure 4.20,
for example, the input powers as a function of the calculated output powers on
the JP10-15 for the base line vehicle equipped with different transmission tech-
nologies is shown. Clearly, there is an affine relationship between the input and
output power for the transmissions, in contrary to the nonlinear relationship be-
tween the efficiency and the speed ratio (see, Figure 4.17). The engine (Primary
power source = P) and the electric machine/battery (Secondary power source =

Figure 4.18 / Effects of the transmission technology and topology on the relative fuel
saving, transmission, engine, and secondary source efficiency.
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Figure 4.19 / Battery storage power and Battery energy level difference.

S) efficiency, similar to the CVT (Transmission technology = T) efficiency, are
well described by an affine relationship.

The operation points determine the values for the fit coefficients (c1, c0),
which are also referred to as the characteristic component parameters. The oper-
ations points given a drive cycle and vehicle parameters are prescribed by assum-
ing that,

• the engine is operated over a whole drive cycle at the maximum efficiency
points (speed ratio control strategy CS1),

• the electric-only modes (regenerative braking, propulsion-only by sec-
ondary power source S) over a whole drive cycle are used for S, while S
is operated at the OOL (i.e., only-if S is pre-coupled to T) and P is shut-off
(CLO/EOFF), and
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Figure 4.20 / Affine relationship between the input and output power for the different
transmission technologies (base line vehicle, JP10-15, CS1).

• the engine-only mode over a whole drive cycle is used for transmission T,
while the engine P is operated at the OOL and secondary power source S is
shut-off (assuming no drag or idle losses).

These assumptions are sufficiently accurate for estimating the component effi-
ciencies, since: (i) the influence of system optimal operation compared to engine
optimal operation on the fuel consumption reduction for a hybrid vehicle is rel-
atively small (1%-2%), and (ii) the influence of power exchange between S and P
during driving (motor-assisting, charging) on the efficiency of S and T is relative
small, as is discussed below.

The battery power influences the CVT efficiency. For the hybrid vehicle the
CVT efficiency is decreased compared to the base line vehicle due to charging
and motor-assisting during driving with S. If the transmission input power is
corrected with the battery power during the hybrid driving modes (i.e., in this
case for charging and motor-assisting during driving), then the CVT efficiency
for the hybrid vehicle is slightly increased compared to the CVT efficiency for the
base line vehicle. However, the difference is relatively small. This is observed by
comparing the results for T as listed in Table 4.8. The lower value of c0 (static
losses) for T3 compared to T2 is due to the higher transmission efficiency at low
powers (or at low speed ratios as is shown in Figure 4.17).
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Table 4.8 / Transmission efficiency ηCV T (CS1, JP10-15)

Efficiency model parameters

CVT technology Vehicle c1 [-] c0 [W] η̄CV T [%]

Base 1.04 182 90.3

T1-EMA-PRI Hybrid† 1.04 161 92.6

5-kW EM size Hybrid 0.85 2040 79.4

Base 1.17 291 80.2

T2 Hybrid† 1.14 341 83.0

Hybrid 0.97 2110 76.5

Base 1.20 -6 83.4

T3 Hybrid† 1.17 16 85.0

Hybrid 1.18 543 79.9

† ηCV T corrected with battery power.

In Figure 4.21 the reduced hybrid drive train model for the different compo-
nent technologies and the power-based fit function is schematically shown. For
the power-split CVTs the electric machines coupled at the wheel-side of T, which
perform the electric-only modes, are defined to be functionally part of S.

Figure 4.21 / Simplified hybrid drive train model: component technology (c0, c1), size
(Pmax ), and topology models (location of S and P).

The effects of parameter variation on the fuel economy and the optimal elec-
tric machine size (D. 3) using the reduced model are investigated next. This is
performed in order to investigate if the assumptions, as posed in the beginning
of this section, are sufficient accurate for design optimization. The varied design
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parameters are: the regenerative brake fraction (D. 1), the drive cycle (D. 2), and
the topology (D. 5). For different sizes of S (D. 3) the characteristic parameters
(c1, c0) during the electric-only modes and for T during the engine-only mode are
calculated for the EMA push-belt CVT.

The fuel consumption results for both cycles with the detailed hybrid drive
train model, denoted as M1, and that of the reduced model, denoted as M2, are
both shown in Figure 4.22.
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Figure 4.22 / The fuel consumption as a function of the electric machine size. The fuel
consumption is calculated using a detailed hybrid drive train model M1 and a reduced
hybrid drive train model M2.

The fuel consumption of the detailed model M1 is higher than calculated with
the reduced hybrid drive train model M2. The differences tend to increase with
increase of the electric machine size. The average relative errors, the maximum,
and the minimum error values are shown in the Figure 4.23.

For the detailed model M1 the engine is assumed to be operated at the OOL
and determines therefore the operation points of the electric machine during the
hybrid driving modes (i.e., charging and motor-assisting during driving). This
causes that the efficiency of S decreases with increase of the electric machine
size. This relatively small effect is not been taken into account using the reduced
hybrid drive train model M2, which causes that the objective function is some-
times not convex. Rather, a boundary optimum is determined at 15 kW. However,
in this case an additional design constraint, that is put on the sensitivity of the
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Figure 4.23 / The average relative error, the maximum -, and the minimum error val-
ues between the detailed model M1 and the reduced model M2 for the different design
parameters.

objective function to the electric machine size, can be used in order to find the
optimal electric machine size.

A different transmission technology (D. 4) or actuation technology (D. 6) sim-
ply implies a different set of characteristic parameters for T. The same holds for
power-split CVTs. For example, if the electric machine size at the wheel-side of T
is sufficiently large to maintain the transmission ratio coverage, yet it is too small
in order to fulfill the required functions of S, then the electric machine size at the
wheel-side of T needs to be increased. For the power-split CVTs changing the size
of S affects indirectly the transmission efficiency. In this way, the characteristic
parameters for T, which are determined by the engine-only mode, become also a
function of the size of S. However, looking at the development of the transmis-
sion by Toyota, the increased size of S is mainly determined by performance and
not by fuel consumption reduction or ratio coverage constraints.

Nevertheless, it can be concluded, that the effects of component sizing on the
fuel consumption can be investigated using the reduced hybrid drive train model
with the assumptions posed in the beginning of this section very quickly and with
sufficient accuracy (maximum average error <1.6%).

4.8 Conclusion

The optimal electric machine size for a hybrid vehicle equipped with a CVT re-
garding the minimum fuel consumption was determined. Thereby, the effects
of parameter variation, e.g., for the CVT technology and the topology on the fuel
consumption was investigated. Other parameters that strongly influences the op-
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timal electric machine size are related to the vehicle load (vehicle parameters and
drive cycle) and the regenerative brake fraction. Finally, a reduced hybrid drive
train model is introduced with which the influence of component technologies,
sizes, and topology choice on the fuel consumption can be studied very quickly
and with sufficient accuracy (maximum average error <1.6%).



Chapter 5

Design of Hybrid Medium-Duty Trucks

Abstract / This chapter presents a modeling and simulation approach for determining
the optimal degree-of-hybridization for the drive train (engine, electric machine size)
and the energy storage system (battery, ultra capacitor) for a medium-duty truck. The
influence of the gross-vehicle weight on optimal component sizing has been investigated.
The results show that the degree-of-hybridization of known medium-duty hybrid electric
trucks is close to the optimal degree-of-hybridization using the methods as described in
this chapter. Furthermore, it is found, that the Li-ion battery (single storage) is from a
energy and power density as well as cost point of view the most preferable energy storage
system. However, if the cost of ultra capacitor cells is significantly decreased (>50%),
then hybridization of a Li-ion battery with an ultra capacitor module in combination with
a boost converter may become an attractive technology package in the future.

5.1 Introduction

Medium-duty trucks are used in different transport activities ranged from urban
and regional distribution to light-weight transport over long distances and spe-
cial applications, such as those used at the municipal cleaning department and
the fire department. The diesel engine efficiencies used in these types of vehicles
are already relatively high compared to petrol engines. Moreover, the potential
of weight and air drag reduction is constrained by the payload carrying require-
ments. Nevertheless, advanced hybrid propulsion systems are very promising to
achieve the future fuel consumption and emission goals for trucks in this seg-
ment [89]. In Table 5.1 an overview of the component specifications of three dif-
ferent realized medium-duty hybrid electric trucks (parallel hybrid configuration)
is shown. The Hybridization Factor, denoted as HFdt, describing the degree-of-

This chapter has been accepted for publication in the form of a paper as / [32] Hofman,
T., Van Druten, R., Serrarens, A., and M. Steinbuch, “Hybrid component specification
optimization for a medium-duty hybrid electric truck”, Int. J. of Heavy Vehicle Systems,
(accepted), 2008.
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hybridization of the different hybrid drive trains as shown in the table, is defined
as [46],

HFdt =
Pem,max

Pem,max + Pe,max
· 100%, (5.1)

with Pem,max and Pe,max representing the maximum (continuous) electric ma-
chine power and engine power respectively. The vehicle mass, denoted as mv,
of the FedEX and the Nissan Condorr truck is approximately two times the mass
of the Hino 4T Ranger truck, which probably resulted in an approximately two
times larger hybridization factor for the FedEX and the Nissan Condorr com-
pared to the Hino 4T Ranger. Furthermore, the hybrid trucks are equipped with
three different electrical storage systems with different energy and power charac-
teristics (Li-ion, Ni-MH, and Ultra Capacitor (UC)). The relationship between the
vehicle mass and the degree-of-hybridization is investigated in this chapter. The
influence of the storage technology on the fuel consumption is also addressed.

Table 5.1 / Reference medium-duty hybrid electric trucks.
V ehicle type

Component Unit FedEx W700 Nissan Condorr Hino 4T Ranger This chapter
Engine kW/Nm 125/569 152/500 132/461 125/729-205/1192†

Displacement cil./l 4/4.3 6/6.93 4/4.73 6/5.2-8/8.5†

Motor kW/Nm 44/420 55/130 23/* 20/138-80/552†

Transmission spd/type 6/AMT 6/AMT * 6/AMT
Storage V/Ah 340/7.2 346/60-kW 274/6.5 130-600/6
Type - Li-ion UC Ni-MH {Li-ion, UC

Ni-MH}
Mass mv kg 7257 7756 3629 4000-12000
Cycle - FTP-75‡ * JP16 mode FTP-75‡

HFdt - 26% 27% 15% 10%-40%
Fuel km/l +45% +50% +20% Section 5.6
economy

* = no data available, AMT = Automated Manual Transmission, ‡ = modified cycle, † = assuming
linear scaling engine displacement or maximum torque with peak power.

5.1.1 Problem Description

The control design of medium-duty hybrid electric or hydraulic trucks is exten-
sively discussed in literature (see, [43], [5], [89]). However, not much work is
found specifically related to the overall design of a medium-duty hybrid electric
truck regarding fuel consumption and performance. The work presented in [20]
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discusses the combined optimization of component design and power manage-
ment of a hydraulic hybrid drive train for a 6x6 medium truck and comes close to
the work presented in this chapter. One of the main differences is that in [20] Dy-
namic Programming (DP) is used for optimization of the pre-defined rule-based
Energy Management Strategy (EMS). The EMS optimization presented in this
chapter is performed using a novel Rule-based EMS [31] consisting of the combi-
nation of Rule-Based and Equivalent Consumption Minimization Strategies [54],
[71] (RB-ECMS), the latter has not been shown in [20]. Moreover, employing
RB-ECMS accelerates the control design process and therefore the overall design
process significantly.

Therefore, in this chapter we would like to focus on determining the optimal
degree-of-hybridization and suitability of electrical storage technology (Li-ion, Ni-
MH, and UC) minimizing the fuel consumption for a medium-duty hybrid elec-
tric truck as a design case study. As an example of application study estimated
vehicle parameters and a given drive cycle (modified FTP-75, see, [45]) for the
FedEX truck are used. The iterative optimization design process is depicted in
Figure 5.1.

For different component sizes (design parameter) for the engine and the elec-
tric machine, which are determined by the hybridization factor HFdt, the fuel con-
sumption on a drive cycle is determined. Initially, Li-ion is chosen as the energy
storage system and is sized to meet the output power specifications of the electric
machine. The influence of changing the vehicle mass mv (vehicle parameter) on
the fuel consumption is also investigated. Typically, mv changes over time dur-
ing picking up and delivering of goods. Since mv plays an important role on the
fuel consumption and driveability, the influence of different constant values for
mv over a whole drive cycle is investigated. The optimal degree-of-hybridization,
described by the hybridization factor HFdt, is defined where the fuel saving in
comparison with the Base Line (BL) vehicle over a drive cycle is maximum. The
other design parameters, i.e., topology choice, technology choice for the engine,
electric machine, and the transmission technology, are kept constant. The effi-
ciency of the components is varied by sizing of the components.

The vehicle performance (i.e., the acceleration time from 0-100 km/h and
the maximum gradeability at 89 km/h) and the fuel consumption over a drive
cycle are determined at the optimal hybridization factor HFdt (see, Figure 5.1 bot-
tom part) for different single energy storage systems. Maximum gradeability is
defined as the maximum angle of slope on which a vehicle is able to drive contin-
uously at the maximum combined output power (engine, electric machine). After
determining the optimal degree-of-hybridization, the influence of hybridization
of the energy storage system on the overall energy storage system mass (kg) and
cost ($) is investigated for a Li-ion and a Ni-MH battery in combination with an
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Figure 5.1 / Design optimization process.

ultra capacitor UC pack. In this chapter an additional hybridization factor for the
energy storage system, denoted as HFes, is defined:

HFes =
Pb,max

Pb,max + Puc,max
· 100%, (5.2)

with Pb,max and Puc,max representing the maximum battery power and ultra ca-
pacitor power respectively. The size of a battery pack is usually constrained by
power and not by energy limitations, and vice-versa for the size of an ultra ca-
pacitor pack. The advantage of using a dual-storage system is the reduction of
the power demands to the battery and therefore the aging of batteries, which
should increase the lifetime significantly compared to the single-storage system
[6]. Moreover, the cost would decrease and efficiency of the energy source would
increase.
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5.1.2 Contribution and Outline of the Chapter

The design of topologies, sizing of components, component technology selection,
and the design of the control strategy form a considerable challenge for engineers
due to the complexity of hybrid vehicle drive trains [12], [4], [23]. In order to
alleviate the complex design problem at hand, in this chapter:

• simplified power-based fit functions describing the efficiency for each drive
train component are discussed, and

• a novel EMS algorithm [31] based on the combination of Rule-Based and
Equivalent Consumption Minimization Strategies (RB-ECMS) is used with
which the fuel consumption is calculated very quickly (approximately 50-
100 times faster than DP) and with sufficient accuracy (relative error±1%).

The efficiencies of the energy conversion components (engine, electric machine)
are modeled as power-based fit functions, which can be described by a few fit co-
efficients. The fit coefficients are also referred to as the characteristic component
parameters. The energy storage components for the different battery technolo-
gies (Li-ion, Ni-MH) and an ultra capacitor UC are also modeled using simplified
power-based fit functions.

For the remainder of this chapter the outline is as follows. In Section 5.2, the
component models and the modeling assumptions are discussed. The parametric
efficiency modeling of the energy conversion, storage models, and the influence
of component sizing on the characteristic parameters are also discussed. The
‘control model’ used for determining the EMS and the fuel consumption, the ‘ve-
hicle dynamics model’ employed for calculation of the vehicle performances, and
the ‘dual-storage system design model’ are discussed in the Sections 5.3, 5.4, and
5.5 respectively (see, also Figure 5.1). In Section 5.6, the simulation results are
given regarding the optimal degree-of-hybridization, the influence of the storage
technology on the fuel consumption and the vehicle performances, sizing results
of the dual-storage systems, and the cost price of sized dual-storage systems. Fi-
nally, the conclusions are described in Section 5.7.

5.2 Modeling of the Drive Train Components

In this section, the used component models for the engine, electric machine,
transmission, and energy storage systems (battery, ultra capacitor) are discussed.
Since actual component data of the FedEX truck is not available, selected compo-
nent data for the engine, the electric machine, and the battery from ADVISOR
[57] are used with specifications close to the actual components of the FedEX hy-
brid truck.
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5.2.1 Power-Flow Description

In Figure 5.2 the power-flow in the parallel hybrid drive train is shown. The drive
train is a backwards facing or differentiating model. The vehicle speed, which
is used as input, is tracked exactly. This model has been used to compute the
optimal control signals that minimize the fuel consumption. The inputs are the
battery input power Ps , the velocity vv described by the given drive cycle, and the
vehicle drive power demand Pv. The outputs are the engine speed ωe and torque
Te, which are used to compute the fuel mass-flow ṁ f (g/s) or the fuel power P f .
Note that the fuel power P f equals the product of the fuel mass-flow ṁ f (g/s) and
the lower heating value for fuel hlv (J/g).

Figure 5.2 / Power-flow in the hybrid drive train (backwards facing control model).

5.2.2 Assumptions concerning Modeling and Sizing of the Components

The component characteristics (mass, maximum torque curve and static effi-
ciency map) of the base engine and electric machine are linearly scaled as needed.
The absolute mechanical (in-)output power during motoring and generating is
assumed to be equal, whereas the electrical (in-)output power due to losses are
differently. Furthermore, the maximum electric machine speed is assumed to be
2100 rpm, which is equal to the maximum engine speed. The base component
characteristics, which are used for scaling, and the transmission technology are
shown in Table 5.2. The main characteristics of the storage components (Li-ion,
Ni-MH, and UC) are shown in Table 5.3. The other vehicle simulation input pa-
rameters, which determine the drive power demand Pv, are listed in Table 5.4.

Auxiliary loads (e.g., air condition, cooling systems, heating of seats) can be
in the order of 6-10 kW [36] and play therefore an important role in the overall
fuel consumption. However, only the minimum necessary engine auxiliary loads
(dynamo, waterpump, power steering, airpump for the brakes) are taken into
account by assuming an average constant auxiliary load torque of 10 Nm as a
function of engine speed at the engine crack shaft. This results in an average
auxiliary power of 505 W for the Base Line (BL) truck.
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Furthermore, in this chapter, the required battery energy for engine cranking
of the Hybrid Electric Vehicle (HEV) is neglected, since the engine can be started
with the electric machine in a very short time period (typically < 500 ms). The
required electrical energy for engine cranking (usually the engine is started when
the vehicle is already driving) is therefore limited and very small. However, the
power needed for engine cranking is relatively high.

Table 5.2 / Base engine, electric machine, and transmission characteristics.
Base Engine Detroit diesel series 50, 8-cilinder, 205-kW peak power (at 2100

rpm), 8.5-l CI, 1192-Nm peak torque (at 1200 rpm), 44% peak
efficiency, mass 860 kg (FC_CI205*)

Base Electric Ma-
chine/Controller

PM brushless AC motor, 58-kW peak power (at 1250 rpm), 400-
Nm peak torque, 92% peak efficiency, mass 70 kg (MC_PM58*)

Base Transmission Eaton, type FSO-8406A, 6 speed, Automated Manual, maxi-
mum transmission input torque 1166 Nm, mass 359 kg

*model data file from ADVISOR

Table 5.3 / Different energy (electrical) storage characteristics.
Manufacturer Panasonic Saft Maxwell
Storage type Ni-MH Li-ion UC
Nominal voltage (V/cell) 1.2 3.6 2.7
Current capacity (Ah) 6 6 -
Storage mass (kg/cell) 0.166 0.375 0.460
No. cells/module 6 6 1
Model data file (ADVISOR) ESS_NIMH6 ESSLI7_temp -

Assumptions concerning Regenerative Braking

Using the vehicle parameters as listed in Table 5.4 and the modified FTP-75 drive
cycle (used for FedEX truck), the vehicle drive power demand as a function of
time, denoted as Pv(t), can be calculated. The amount of recoverable brake en-
ergy plays an important role in the achievable fuel saving potential [29]. The
braking energy ratio to the total traction energy is defined as:

βbr = 100% ·
∫ t f

0 −Pv(t | Pv(t) < 0) dt∫ t f
0 Pv(t | Pv(t) > 0) dt

. (5.3)

The fraction βbr reaches 48% for the modified FTP-75 cycle with time length t f

and the vehicle parameters as listed in Table 5.4. However, due to transmission
losses (final drive, Automated Manual Transmission (AMT)) this ratio βbr is re-
duced to 38.4%. Evidently, the brake force distribution between the front and the
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Table 5.4 / Vehicle model parameters.
Quantity Symbol Value Unit
Total mass mv 7258(16000) kg(lbs)
Frontal area A f 6.9 m2

Air drag coefficient cd 0.73 -
Rolling resistance cr 0.8% -
Air density ρ 1.2 kg/m3

Gravity g 9.81 m/s2

Wheel radius rw 0.3970 m
Traction coefficient
rear-wheels

µr 0.9 -

Final drive ratio rd 0.30 -
Speed ratio set R {0.14; 0.24; 0.40; 0.63; 1.00; 1.28} -
Regenerative brake fraction frb 0.4 -
Transmission efficiency ηAMT 0.96 -
Final drive efficiency η+f d , η−f d 0.90 (generating), 0.96 (propulsion) -

Height center of mass H 1.3 m
Distance between the rear
wheel and the center of mass

Lr 2.5 m

Length of wheel base L 4.8 m
Inertia of rotating parts Jw 20 kg m2

rear wheels plays a key role in the amount of recuperated brake energy. A signif-
icant part of the brake energy is dissipated in the front brakes, since we assume
that only the rear brakes are used for brake energy recuperation. The brake force
distribution ratio f f b(t) changes over time and is dependent on the amount of
deceleration with av(t) = −min(0, av(t)) [18]:

f f b(t) =
Lr

L
+ av(t)

g
H
L
, (5.4)

with the (vehicle) parameters Lr , L , H and g representing the distance between
the rear wheels and the center of mass, the length of the wheel base, the height of
the center of mass and the gravity constant respectively. This ratio varies for a 7.3
tons truck between 53%-60% assuming that the adhesive capability between the
road and the tires could be fully utilized (ideally braking). The regenerative brake
fraction defined as the ratio between brake force between the rear wheel and the
front wheels becomes with help of Equation (5.4):

frb(t) = 1− f f b(t). (5.5)

Note that the values for Lr and H as listed in Table 5.4 are estimated values, since
these values are usually not given by the manufacturer and are difficult to obtain.

Figure 5.3 shows the vehicle speed vv(t), the power demand Pv(t) and regen-
erative brake fraction frb(t) for a 7.3 tons truck. In this chapter, without loss of
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generality a constant regenerative brake fraction frb = min( frb(t)) = 40% is
assumed, since the actual brake strategy is not known. In addition, for safety
reasons mechanical or hydraulic back-up braking systems are still required and
fully ‘brake-by-wire’ systems are yet not applicable. This causes that βbr is sig-
nificantly reduced from 38.4% to 15.4%. The remaining part of 60% of the total
brake power is dissipated in the front wheel brake discs. The brake power in the
rear wheels is regenerated up to the maximum generative power limitation of the
battery/electric machine, larger brake powers are assumed to be dissipated in the
rear wheel brake discs.
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Figure 5.3 / Drive cycle, vehicle drive power demand, and regenerative brake fraction.

The power-based component efficiency model, the control model, the vehicle
dynamics model, and the dual-storage design model, which are used to calcu-
late the fuel consumption, the acceleration time from 0-100 km/h (0-62 mph),
the gradeability at 89 km/h (55 mph), and the dual-storage system mass, are dis-
cussed next.



114 Chapter 5. Design of Hybrid Medium-Duty Trucks

5.2.3 Power-Based Component Efficiency Models

In this chapter the energy conversion and storage devices are modeled as power-
based efficiency functions [15],

Pin = Pout + Ploss(.) = φ(.) ≈
j=n∑

j=0

c j (.) P j
out , c j ∈ R, j ∈ N, (5.6)

with φ(.) defined as the inverse efficiency η−1(.) times the output power Pout ,
which are approximated by polynomial fit functions. For the engine and the
electric machine, the losses Ploss(.) are a function of the output power Pout and
the angular speed ω. In case of a battery, the losses are a function of the state-
of-charge ξ , the battery storage power Ps , and the temperature T [39]. In this
section, the derivation of the characteristic parameters c j (.) describing the com-
ponent efficiency for the engine, the electric machine, the battery technologies,
and the ultra capacitor is discussed.

Engine and Electric Machine Efficiency

For the engine and the electric machine, the static power losses Ploss(.) at zero
output torque are dependent on the angular speed ωi . At zero output torque
no measurement data is available. Since the static losses of an engine play an
important role in calculating the fuel consumption improvement, the static losses
are estimated by linear extrapolating the fuel mass-flow curves to zero output
torque for the different given angular speeds.

In this chapter, the characteristic parameters c j for the engine and the electric
machine are determined by assuming that these components are operated at their
maximum efficiency points determined by the optimal speed ωo

i and torque T o
i

combinations. The Optimal Operation Line (OOL) connects the set � of optimal
operation points,

� =
{
(ωo

i , T o
i )|Pi = Ti ωi ∧ ωi,min ≤ ωi ≤ ωi,max ∧

Ti,min(ωi ) ≤ Ti ≤ Ti,max(ωi )

}
, (5.7)

fulfilling the condition of minimum input power,

(ωo
i , T o

i ) = arg min
(ωi ,Ti )∈�

φi (ωi , Pi ), with i ∈ {e, em}. (5.8)

It should be noticed, that not all desired optimal operation points can be reached
during the engine-only and the electric-only driving modes (propulsion at low
speeds and regenerative braking by the electric machine/battery) due to limited
set R of discrete speed ratios of the AMT (see, Table 5.4).
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For example, if only the engine mode is utilized over a whole drive cycle where
optimal gear ratios (close to maximum engine efficiency points, or in other words,
close to the OOL) are selected, then the total fuel use is increased by approxi-
mately 4% compared to the situation where the engine is operated at the OOL
(for a 205-kW engine and the vehicle parameters of Table 5.4). In order to explain
the relatively small fuel consumption increase is referred to Figure 5.4. In this
figure, the normalized component input power with the maximum component
power for the electric machine (58 kW) and engine (205 kW) as a function of the
normalized output power with the total available output power (electric machine
+ engine) for different electric machine and engine angular speeds are shown.
The figure also depicts respectively: the required normalized engine input pow-
ers as a function of the normalized output powers for the AMT (circular marks),
a quadratic function fitted through the normalized input powers as a function of
the normalized output powers for the AMT (dashed line), and the required nor-
malized input power as a function of the normalized output power for the engine
operated at the Optimal Operation Line (OOL) (solid line). If a quadratic func-
tion is fitted through the operation points, then it is observed that the difference
between the OOL and the fit function is relative small. This explains the rela-
tively small influence of the AMT on the fuel consumption. The influence of the
AMT on the average electric machine efficiency during the electric-only modes
is smaller for the electric machine due to its higher efficiency compared to the
engine.
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Figure 5.4 / Influence of the operation points on the input power for the electric machine
and the engine.

Furthermore, coupling of the electric machine and the engine to the same
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transmission input shaft requires selecting the optimal speed ratio, which maxi-
mizes the combined engine and electric machine/battery efficiency during a hy-
brid driving mode (charging or motor-assisting during driving). The effect of
this on the total fuel consumption and the characteristic parameters c j is left out
of consideration in this chapter. The reader is referred to [42], which discusses
more static optimization regarding the design of the shift logic for a hybrid vehi-
cle, where shift quality and driving comfort aspects are also taken into account.
The clutch losses and engine auxiliaries are taken into account. However, these
powers are assumed to be supplied by the engine operated at the OOL.

If the input power values as a function of the output power values at the
OOL for the engine and the electric machine are plotted, then the fuel power
P f (engine input power) during the engine-only mode is well approximated by a
quadratic function with the engine power Pe at the crank shaft,

P f = φe(ω
o
e , Pe) ≈ c0 + c1 Pe + c2 P2

e , and {c2, c1, c0} ⊆ R+0 . (5.9)

Furthermore, the battery output power Pb (electric machine input power) during
the electric-only modes (regenerative braking, electric driving) is well approxi-
mated by a linear function for discharging (supscript: -) and charging (supscript:
+) with the electric machine power Pem ,

Pb = φem(ω
o
em, Pem) ≈ max

(
c−0

Pem
|Pem | , c+0

Pem
|Pem |

)
+

max
(
c−1 Pem, c+1 Pem

)
,

(5.10)

with the parameters −1 < c+1 < 0, c−1 > −1, and {c+0 , c−0 } ⊆ R−0 .

Battery Efficiency

The battery losses Ploss are dependent on the state-of-charge ξ(t), the storage
power Ps(t), and the temperature T (t) [39],

Pb(t) = Ps(t)+ Ploss(ξ(t), Ps(t), T (t)). (5.11)

The charging (coulomb) losses due to irreversible parasitic reactions in the battery
are taken into account by using an estimate of the average coulomb efficiency ηc

(see, the data files ESS_NIMH6 and ESSLI7_temp of ADVISOR). Self-discharge,
or parasitic current is not separately considered, yet these losses are assumed
to be modeled by ηc. The state-of-charge of the battery, denoted as ξ , which is
defined as the ratio between the electric charge Q(t) and the maximum charge
capacity Q0, is calculated as follows [72],

ξ(t) = Q(t)
Q0
· 100%, with Q(t) = ηc

∫ t

0
I (τ ) dτ. (5.12)
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The (dis-)charge currents I (t) are assumed to be low enough, due to the rela-
tively high battery pack voltage, so that the charge capacity Q0 change (Peukert
effects) is negligible small. Furthermore, the Li-ion and Ni-MH battery pack are
both assumed to be operated within a state-of-charge window of ξmin = 40% ≤
ξ(t) ≤ ξmax = 80%. The open circuit voltage within this defined window of op-
eration changes a little from 1.27 V/cell to 1.30 V/cell and 3.52 V/cell to 3.75 V/cell
for the Ni-MH and the Li-ion battery respectively. Therefore, for simplicity, the
state-of-charge and the state-of-energy of the battery are assumed to be approxi-
mately similar and only ξmax − ξmin = 40% of the energy storage capacity Ecap is
effectively available:

4Es,a = 0.40 · Ecap ≈ 0.40 · Q0 ·Ub,nom · nb · n p, (5.13)

with the nominal battery voltage per module, the number of battery modules, and
the number of parallel strings of in series connected battery modules represented
by the parameters Ub,nom , nb and n p respectively. If the variation in state-of-charge
ξ(t) (due to the high Q0) and temperature is assumed to be small (T (t) = 25oC),
then the losses become only dependent on the (in-)output power and are approx-
imated as quadratic with the stored power:

Ploss(Ps(t)) = max
(

c−2
Ps(t)
|Ps(t)|

, c+2
Ps(t)
|Ps(t)|

)
P2

s (t), and {c+2 , c−2 } ⊆ R+0 . (5.14)

The battery losses are therefore assumed to be different during charging and
discharging, and only increase with the stored or retrieved power. In order to
increase the efficiency at relatively high battery powers, a battery topology con-
sisting of two parallel strings of in series connected battery modules is chosen
(n p = 2). In this way the internal resistance of the battery pack is reduced.

Ultra Capacitor Efficiency

In contrary to batteries, the state-of-charge of the ultra capacitor strongly depends
on the voltage across the capacitor, denoted as Uuc(t) [7]. The discharge voltage
ratio σ represents the ratio between the minimum and the maximum allowed
capacitor voltage σ = Uuc,min/Uuc,max and is used in order to calculate the state-
of-charge,

ξ(t) = Q(t)
Q0
· 100% = Cuc (Uuc(t)−Uuc,min)

Cuc (Uuc,max −Uuc,min)
≈ 1

1− σ
(

Uuc(t)
Uuc,max

− σ
)
, (5.15)

with the capacitance Cuc (F) assumed to be approximately constant. However, it
is found, that the minimum and maximum relatively static losses, e.g., at 44 kW,
vary a little between 1.1% and 6.4% for ξ = 0 and ξ = 1 respectively. Therefore,
in this chapter, for simplicity, the fit coefficients of Equation (5.14), which are
determined for the mean static power losses, are used.
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5.2.4 Sizing of Conversion and Storage Components

The engine and electric machine static-efficiency maps are linearly scaled with
the maximum output power. Some results of the determined fit coefficients are
listed in Table 5.5. The internal efficiency of the electric machine during charging
is approximately equal to the efficiency during discharging and corresponds to
the slope of the linear curves, i.e., c+1 ≈ 1/c−1 = 91%. The slope of the various
engine curves is approximately constant at 2.1 corresponding to a typical combus-
tion efficiency (without static losses) of approximately 47%. It is observed, that
a smaller engine or electric machine size results in smaller static losses, i.e., a
smaller c0.

Table 5.5 / Parameters for different engine and electric machine sizes.
Component Parameter value Unit

Engine 125 150 170 205 kW
c2 1.10 0.92 0.87 0.72 10−6 ·W−1

c1 2.10 2.10 2.09 2.09 -
c0 7.84 9.41 11.29 13.61 kW

Electric machine 22 44 60 80 kW
c+1 /c−1 -0.92/-1.08 -0.92/-1.08 -0.91/-1.09 -0.91/-1.09 -
c+0 /c

−
0 -102/-301 -227/-441 -302/-559 -362/-603 W

The maximum absolute battery pack power is sized to meet the maximum
output power specifications of the electric machine. However, due to losses of
the electric machine the net (in-)output power as described by Equation (5.10) is
reduced. A minimum number of 40 and 13 in series connected battery modules
for the Ni-MH and the Li-ion battery (as listed in Table 5.6) are needed to meet the
minimum voltage requirement Upe,min and maximum current Ipe,max allowed by
the motor controller/electric machine, which are estimated to be 260 V and 170
A respectively. These values are kept constant and are based on the battery spec-
ification of the Eaton hybrid electric drive train with the 44-kW electric machine
(see, Table 5.1). For both battery technologies each module consists of 6 battery
cells.

Since the ultra capacitor pack is not limited by power, yet is limited by energy
constraints, the number of required caps was iteratively optimized by performing
different simulation runs, until the available energy content of the capacitor pack
is sufficiently large enough.

The maximum allowable systems bus voltage is assumed to be 600 V. Due
to this limitation, sizing of the Ni-MH battery pack or the ultra capacitor pack
larger than 60 kW by selecting more than 78 modules or 222 caps respectively
is not possible. In Table 5.6, it is observed, that the Li-ion battery pack has a
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much higher energy (Wh/kg) and power density (kW/kg) specification compared
to the Ni-MH battery pack. The maximum losses at 44 kW during discharging
and charging correspond approximately to 9.8% and 12.3%, 13.6% and 16.3%,
and 2.3% and 2.7% of the storage power for the Li-ion, Ni-MH and UC respec-
tively. Note that for other component sizes, the characteristic parameters are
determined by interpolating between the values as given in Table 5.5 and 5.6.

Table 5.6 / Parameters for different sized energy storage technologies.
Type EM Size (kW) 22 44 60 80 Unit

Nominal voltage 310 450 600 - V
No. modules† 40·2 58·2 78·2 - -

Ni-MH Mass 40 58 79 - kg
c+2 /c

−
2 4.95/4.78 3.71/3.10 2.76/2.31 - 10−6 ·W−1

Power density 0.55 0.76 0.76 - kW/kg
Energy density 46.5 46.6 45.6 - Wh/kg
Nominal voltage 283 294 316 338 V
No. modules† 13·2 14·2 15·2 16·2 -

Li-ion Mass 30 32 34 36 kg
c+2 /c

−
2 2.64/2.31 2.80/2.24 2.43/1.81 2.28/1.63 10−6 ·W−1

Power density 0.73 1.38 1.76 2.22 kW/kg
Energy density 56.6 55.1 55.8 56.3 Wh/kg
Nominal voltage 450 580 600 - V
Voltage swing, σ 0.58 0.45 0.43 - V/V
No. caps 167 215 222 - -

UC Mass 78 101 104 - kg
c+2 /c

−
2 0.59/0.52 0.61/0.53 0.63/0.52 - 10−6 ·W−1

Power density 1.9 1.8 1.8 - kW/kg
Energy density 3.7 4.5 4.5 - Wh/kg

† Two parallel strings of in series connected battery modules.

5.3 Control Model – RB-ECMS

The used control strategy is based on the combination of Rule-Based and Equiv-
alent Consumption Minimization Strategies (RB-ECMS). The main control de-
sign parameter, which determines when to switch between the different hybrid
driving modes, is optimized [31]. The main control design parameter is the maxi-
mum propulsion power of the electric machine during pure electric driving. The
RB-ECMS determines if it is beneficial: to propel the vehicle only by the elec-
tric machine (Motor-only: M mode), only by the engine (Engine-only: E mode),
to assist the engine with the electric machine in motoring mode during driving
(Motor-Assist: MA mode), or to charge using the electric machine in genera-
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tive mode during driving (CHarging: CH mode). Recuperation of brake energy
(Brake Energy Recovery: BER mode) is very beneficial and is always performed.
During the BER, M mode, and vehicle standstill the engine is assumed to be off
and has no drag or idle losses.

5.3.1 Control Design Problem

The optimization problem is finding the control power-flow Ps(t) given a cer-
tain power demand at the wheels Pv(t), while the cumulative fuel consumption,
denoted as the variable 8 f , over a certain drive cycle with time length t f is mini-
mized, i.e.,

8 f = min
Ps (t)

∫ t f

0
ṁ f (Es(t), Ps(t), t | Pv(t)) dt, subject to Eh = 0, Eg ≤ 0, (5.16)

where the variable ṁ f (t) is the fuel mass-flow in g/s, which can be expressed as
a function of the state variable Es(t) and the control input variable Ps(t). The
state is equal to the stored energy Es(t) in the reversal energy buffer in J and the
control input is equal to the power-flow Ps(t) in W (see, Figure 5.2). The energy
level in the battery (or ultra capacitor) is a simple integration of the power and is
calculated as follows,

Es(t) = Es(0)+
∫ t

0
Ps(τ ) dτ. (5.17)

The main constraints on the battery (or ultra capacitor) are energy balance con-
servation of Es(t) over the drive cycle and constraints on the power Ps(t):

h1 : = Es(t f )− Es(0) = 0, g1,2 : = Ps,min ≤ Ps(t) ≤ Ps,max . (5.18)

The optimal control power-flow from and to the secondary source during the M
and the BER mode respectively is assumed to be,

Po
s,I (t) = −max




Pv(t)
ηb(Pv(t), t) ηem(Pv(t), t) ηAMT η

−
f d︸ ︷︷ ︸

M mode

,

frb Pv(t) ηb(Pv(t), t) ηem(Pv(t), t) ηAMT η
+
f d︸ ︷︷ ︸

BER mode



, (5.19)

where the power set-point is limited between the following constraints,

Ps,min ≤ Po
M ≤ 0 ≤ Po

s,I (t) ≤ Ps,max . (5.20)
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The minus sign in Equation (5.19) indicates discharging during propulsion and
charging during braking. The component efficiencies ηb and ηem are described
by the power-based functions of Equations (5.11), (5.14), and Equation (5.10) re-
spectively. Whereas the AMT efficiency ηAMT , the final drive including the differ-
ential efficiency η f d , are assumed to be constant. However, the latter efficiency
η f d is dependent on the direction of the power-flow Ps(t) (see, Table 5.4). Powers
larger than the maximum charging power, which are limited by the battery or
electric machine power constraints, are assumed to be dissipated in the wheel-
brake discs. During the motor-only mode (M) the vehicle is propelled up to the
optimal value for the maximum propulsion power −Po

M . If only the M and/or
the BER mode are utilized, then the energy difference4Es,I (t f ) at the end of the
drive cycle becomes,

4Es,I (t f ) =
∫ t f

0
Po

s,I (t) dt, 4Es,I (t f ) ∈ R. (5.21)

In order to fulfill the equality constraint h1 of Equation (5.18) this energy has to
be counterbalanced with the energy difference 4Es,I I (t f ) at the end of the cycle
during the motor-assisting MA mode and the charging CH mode (see, Figure
5.5), or

−4Es,I (t f ) = 4Es,I I (t f ). (5.22)

The optimal power-flow during the CH and the MA mode is calculated using the
equivalent fuel mass-flow ṁ f,eq . The equivalent fuel mass-flow uses an average
electric-energy-to-fuel-conversion-weight-factor or an average equivalent (weight)
factor λ0. The λ0 is used to assign future fuel savings and costs to the actual use
of electric power Ps . Moreover, a well determined λ0 assures that discrepancy
between the buffer energy Es,I used during the BER/M mode and the buffer
energy used during the CH/MA mode Es,I I is sufficiently small.

Figure 5.5 / Energy balance during the BER/M and the CH/MA modes.
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The optimal power-flow during the CH and the MA mode, denoted as Po
s,I I (t),

is calculated by minimization of the equivalent fuel mass-flow ṁ f,eq at the current
time t ,

Po
s,I I (t) = arg min

Ps,I I (t)
(ṁ f,eq(t) | λ0) = arg min

Ps,I I (t)
(ṁ f (Ps,I I (t), t)− λ0 Ps,I I (t)),

(5.23)
where the power set-point is limited between the following constraints,

Ps,min ≤ 0 ≤ Po
s,I I (t) ≤ Ps,max . (5.24)

Although, for example, during discharging Ps,I I (t) < 0 the actual fuel mass-flow
ṁ f (t) is reduced, Equation (5.23) shows that the fuel equivalent of the electrical
energy −λ0 Ps,I I (t) is momentarily increased and vice-versa. Then 4Es,I I (t f )

is discharged (charged) at vehicle power demands where the fuel savings (costs)
are maximum (minimum). Summarized, the optimal power set-point for the bat-
tery/electric machine as discussed in the previous two sections during the BER/M
and the CH/MA mode becomes respectively:

Po
s (t) =

{
Po

s,I (t) (see, Equation (5.19)), if −Pv(t)
ηb(Pv(t),t) ηem (Pv(t),t) ηAMT η−f d

≥ Po
M ,

Po
s,I I (t) (see, Equation (5.23)), elsewhere.

(5.25)
Finally, the EMS optimization scheme is shown in Figure 5.6. Starting with arbi-
trary values for PM (limited by power constraints) and λ , the values for PM and
λ0 are iteratively (loops 2 and 1 in Figure 5.6 respectively) updated until the cu-
mulative fuel consumption 8 f is minimized, while the integral energy balance
constraint is satisfied. At the end of the loop, the optimal value for PM minimiz-
ing the total fuel consumption, denoted as Po

M , together with the optimal value
for λ0, denoted as λo

0, are stored.

5.4 Vehicle Dynamics Model

In this section, the equations are derived in order to calculate the accelera-
tion time, denoted as ta , and the maximum gradeability, denoted as θmax . The
schematic layout of the hybrid drive train structure and the torques acting on the
driven rear wheels are shown in Figure 5.7.

5.4.1 Acceleration Time 0–100 km/h (0–62 mph)

The dynamic torque balance at the propulsion shaft of the vehicle wheels gives
for the vehicular acceleration (see, Figure 5.7):

av(t) = ω̇v(t) · rw =
1
Jv
· (Tv(t)− Trl(t)) · rw, (5.26)
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Figure 5.6 / Control strategy design optimization scheme (offline).

Figure 5.7 / Hybrid drive train structure.

with the total vehicle wheel torque Tv(t) consisting of the sum of the engine Te(t)
and electric machine torque Tem(t) and an additional inertia torque term due to
engine speed change during shifting,

Tv(t) =
(

Te(t)+ Tem(t)
rAMT (t) rd

− Je + Jem

rAMT (t) rd
· ω̇e(t)

)
ηAMT η

−
f d . (5.27)
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Since the vehicle wheel speed ωv(t) is a function of the engine speed ωe(t) and
the gear ratio of the AMT rAMT ,

ωv(t) = ωe(t) · rAMT (t) · rd, rAMT (t) ∈ R, (5.28)

the time derivative of the engine speed ω̇e(t) as is used in Equation (5.27) can be
written as

ω̇e(t) =
ω̇v(t)

rAMT (t) rd
− ωe(t)

ṙAMT (t)
rAMT (t)

. (5.29)

The road load torque Trl(t) due to air drag, roll and road slope θ(t) resistance
holds,

Trl(t) = 1
2 ρ cd A f ωv(t)2 r3

w + cr mv g cos(θ(t)) rw + mv g sin(θ(t)) rw.
(5.30)

The engine inertia including the clutch and starter flywheel inertia, and the elec-
tric machine inertia are represented by the variables Je and Jem respectively. The
vehicle inertia Jv consists of the vehicle mass mv, the inertia of the rotating parts
Jw including the wheels and the final drive:

Jv = Jw + mv r2
w. (5.31)

Initially, the vehicle acceleration is calculated with Equation (5.26) under the
assumption that no wheel slip occurs. Then, using this acceleration value the
torque required to initiate slip is calculated:

Tsli p(t) = µr mv g
(

Lr

L
+ av(t)

g
H
L

)
rw, (5.32)

for the rear wheel driven vehicle with the traction coefficient µr . The wheel base
length and height of the center of gravity are represented, as stated before, by
the parameters L and H respectively. The parameter H is assumed to increase
linearly with increase of mv. The wheel torque Tv(t) during acceleration is com-
pared with the wheel slip torque Tsli p(t). If Tv(t) > Tsli p(t), then slip occurs and
the tractive torque becomes equal to the slip torque, i.e., Tv(t) = Tsli p(t). Using
Equation (5.32) substituted into Equation (5.26) the vehicle acceleration under
the slip condition is calculated. The gear ratio change rate ṙAMT (t) is assumed to
be sufficiently limited, such that a positive vehicle acceleration is guaranteed. A
gear change time delay of 0.9 s at zero engine torque to the shifting sequence is
assumed. During an upshift the net acceleration falls below zero during this shift
period, due to road load forces that are acting on the vehicle. The vehicle speed
is used to trigger upshifts. Therefore, in order to prevent downshifts during shift
periods, upshifts are forced once the delay period is over. During acceleration the
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engine and the electric machine are assumed to be operated (as much as possi-
ble) at their wide-open throttle and maximum torque curve respectively. Figure
5.8 shows an example result of the engine speed and vehicle speed over time dur-
ing maximum acceleration. Note that the acceleration time ta is limited by the
minimum state-of-charge of the battery or the ultra capacitor, i.e., ξ(ta) ≥ ξmin .
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Figure 5.8 / An example result of the engine speed and the vehicle speed over time.

5.4.2 Gradeability at 89 km/h (55 mph)

The vehicle wheel torque Tv calculated with Equation (5.27) is a function of the
speed ratio rAMT and the vehicle speed vv. Note that the vehicle speed is defined
as vv = ωv rw. The engine and the electric machine are assumed to be operated at
their wide-open throttle and maximum torque curve respectively. Moreover, the
road load torque Trl calculated with Equation (5.30) is a function of the road slope
θ and the vehicle speed vv. The set of feasible road slopes θ0 at a given vehicle
speed vv, which is a function of the speed ratio rAMT , are elements of the set of
the stationary vehicle wheel torques Tv, which are in balance with the road load
torques Trl :

θ0(rAMT ) ⊆
{

Tv(rAMT , vv)− Trl(θ, vv) = 0 | vv = 89 km/h ∧
rAMT ∈ R ∧ 0o ≤ θ ≤ 45o

}
. (5.33)
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The objective is to find the optimal gear ratio ro
AMT , which maximizes the feasible

road slopes:

ro
AMT = arg max

rAMT∈R
(θ0(rAMT )) ∧ θmax = θ0(ro

AMT ), (5.34)

where no wheel slip occurs. Figure 5.9 shows an example result of the wheel
torque as a function of the vehicle speed for different speed ratios.
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Figure 5.9 / An example result of the wheel torque as a function of the vehicle speed for
different speed ratios.

5.5 Dual-Energy Storage Design Model

In this section the dual-energy storage design model is discussed, which is used
in order to determine the optimal dual-storage size. The optimal dual-storage size
is determined by minimizing the overall energy storage mass, denoted with the
variable 8es , which is determined by the total number of battery modules nb (6
cells/module) and ultra capacitor cells nuc:

8es = Kb · nb( fc)+ Kuc · nuc( fc). (5.35)

The parameters Kb and Kuc represent the conversion factors (kg/cell) from num-
ber of cells to storage mass (see, Table 5.3). In order to determine the total num-
ber of required cells, power separation of the original optimized power signal
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Po
s (t) (see, Equation (5.25)) is performed by using a digital filter H f (Butterworth

low-pass digital filter) given that the desired energy storage and peak power char-
acteristics are achieved. In Figure 5.10 the power-flow in a dual-energy storage
system is schematically shown.

Figure 5.10 / Frequency-based power separation of battery and ultra capacitor usage.

The design variables (nb, nuc) are a function of the cut-off frequency fc (Hz).
Moreover, the frequency content of the battery usage Hb( f ) and capacitor usage
Huc( f ) is weighted at each frequency f :

Hb( f )+ Huc( f ) = 1, (5.36)

which is directly analogous to the Bode frequency criteria. The reader is re-
ferred to [58] and [69] where frequency-domain control structures are discussed
to achieve frequency-based separation of the battery/ultra capacitor usage. Note
that Po

s (t) used for the design of the dual-storage system is based on the EMS
calculated for a single-storage system with a different storage efficiency. The in-
fluence of this effect on the overall desired size is assumed to be nihil. The battery
input power Ps,b(t) and the ultra capacitor storage energy Es,uc(t) as a function
of time for a cut-off frequency fc become respectively,

Ps,b(t) = H f ( fc) ∗ Po
s (t), (5.37)

Es,uc(t) =
∫ t f

0
(1− H f ( fc)) ∗ Po

s (t) dt. (5.38)

Generally, an ultra capacitor is constrained by energy and not by power limita-
tions, and a battery is constrained by power and not by energy limitations:

Es,uc,min(nuc) ≤ Es,uc(t) ≤ Es,uc,max(nuc), (5.39)
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Ps,b,min(nb) ≤ Ps,b(t) ≤ Ps,b,max(nb), (5.40)

which are a function of the design variables (nb, nuc). Given Po
s (t), the optimal

number of battery modules and ultra capacitor cells, denoted as no
b and no

uc re-
spectively, are calculated from the following minimization,

(no
b, no

uc) = arg min
(nb,nuc)∈N

(
8es(nb, nuc) | Po

s (t)
)
, (5.41)

where the set N covers the feasible solutions that satisfy the constraints in Equa-
tion (5.37)-Equation (5.40):

N =





(nb, nuc) | Ps,b(t)− H f ( fc) ∗ Po
s (t) = 0

∧
Es,uc(t)−

∫ t f
0 (1− H f ( fc)) ∗ Po

s (t) dt = 0
∧

Ps,b,min(nb) ≤ Ps,b(t) ≤ Ps,b,max(nb)

∧
Es,uc,min(nuc) ≤ Es,uc(t) ≤ Es,uc,max(nuc)





. (5.42)

Next the battery and ultra capacitor design models are derived for the determi-
nation of the available battery pack power and the storage energy of the ultra
capacitors.

5.5.1 Battery Design Model

In Figure 5.11 the equivalent circuit of a battery is shown. The open-circuit voltage
of the battery, the internal resistance causing a voltage drop, and the terminal
voltage are represented by the variable Uoc, Rb, and Ub respectively. Kirchhoff’s
law for the equivalent circuits yields the following equation,

Ub = Uoc − Rb I, (5.43)

with the current defined as I = Pb/Ub. The battery pack consists of two paral-
lel strings of in series connected battery modules in order to reduce the overall
internal resistance. For (dis-)charging the maximum current is limited by the
maximum allowed motor controller current Ipe,max = 170 A,

|I | ≤ Ipe,max . (5.44)

Although the open circuit voltage Uoc depends on the state-of-charge, an average
value for Uoc is used for determining the number of battery modules fulfilling the
maximum power requirements. The maximum (dis-)charging output power as a
function the voltage and the number of battery modules nb is calculated as,

Pb,i (nb) =
−2 U 2

b,i + 2 Uoc Ub,i

Rb
nb, i ∈ {min,max}, (5.45)



Section 5.5. Dual-Energy Storage Design Model 129

Figure 5.11 / Equivalent circuit of a battery.

with the maximum (dis-)charge input power as a function of the number of bat-
tery modules,

Ps,b,i (nb) = Pb,i (nb)−
(

Rb

nb U 2
b,i

)
P2

b,i (nb). (5.46)

The battery voltage corresponding with the minimum discharging output power
by setting the derivative of Pb,min with respect to Ub to zero becomes,

∂Pb,min

∂Ub,min
= 0⇒ Ub,min = Uoc/2. (5.47)

However, the minimum discharging output power Pb,min is limited by three pa-
rameters, which are all related to the minimum available battery voltage at the
terminal Ub,min,a . The three parameters are, the minimum input voltage of the
motor controller Upe,min = 260 V, the minimum battery voltage Ub,min , and the
open circuit voltage divided by two Uoc/2 as calculated with Equation (5.47). The
minimum available battery voltage at the terminal Ub,min,a becomes,

Ub,min,a = max (Upe,min/nb, Ub,min, Uoc/2). (5.48)

Finally, the maximum charging input power Pb,max and output power Ps,b,max as
a function of nb is, besides the current limitation (see, Equation (5.44)), mainly
limited by the maximum battery voltage Ub,max .

5.5.2 Ultra Capacitor Design Model

The maximum available usable storage energy, denoted as 4Es,uc,a , that a capaci-
tor can provide is defined by the equation [7]:

4Es,uc,a(nuc) = Es,uc,max(nuc)− Es,uc,min(nuc) =
1
2 Cuc U 2

uc,max nuc
(
1− σ 2

)
,

(5.49)
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with the discharge voltage ratio limited to the minimum available voltage (see,
Equation (5.48)) to nominal voltage ratio of the battery,

σ ≤ Ub,min,a

Ub,nom
. (5.50)

If an independent power processor interfaces the capacitor to the terminal volt-
age, then its voltage swing described by σ is only limited by the minimum input
voltage of its power converter, which is typically 0.33 of the operating voltage [52].
Knowing the needed maximum usable energy for a given fc with help of Equation
(5.38),

4Es,uc,n( fc) = max (Es,uc(t))−min(Es,uc(t)), (5.51)

the required number of ultra capacitor cells nuc, which are coupled in series, is
easy to be identified after substitution of Equation (5.51) into Equation (5.49),

nuc =
2 4Es,uc,n( fc)

Cuc U 2
uc,max

1(
1− σ 2

) , (5.52)

with 4Es,uc,a(nuc) = 4Es,uc,n( fc).

5.6 Simulation Results

In this section, the simulation results of the hybrid electric drive train are de-
scribed for determining: the optimal degree-of-hybridization, the acceleration
time from 0-100 km/h (0-62 mph), the maximum gradeability in percentage at
89 km/h (55 mph). The sizing results for the dual-energy storage systems and
the cost price of sized dual-storage systems are also discussed (see, Figure 5.1 for
an overview of the design optimization process).

5.6.1 Fuel Consumption, Acceleration Time, and Gradeability Results

The base line FedEx truck is equipped with a Cummins 175HP (131-kW) 6BT5.9
and an Allison AT542 NFE 4-speed automatic transmission [85]. Therefore, the
205-kW base engine is downscaled to produce 131 kW, which is used in the sim-
ulations for the Base Line (BL) vehicle. In Figure 5.12 the relative fuel savings
(in Table 5.7 the reference values are listed) of the Hybrid Electric Vehicle (HEV)
as a function of the hybridization factor HFdt_125kW for different vehicle masses
are shown (kept constant: Li-ion battery and 125-kW engine). The observations,
which are made following from the parameter variation study, for a constant en-
gine size are discussed next.
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1. If the vehicle mass increases, then the optimal HFdt (or in this case the op-
timal electric machine size) increases due to increase of regenerative brake
energy potential.

2. With a larger electric machine size (i.e., a higher HFdt) effectively more
brake energy is recuperated. However, the (static) losses of the electric ma-
chine increase progressively thereby reducing again the fuel saving poten-
tial. The (concave) curves show a certain maximum fuel saving potential.
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Figure 5.12 / Fuel saving as a function of HFdt_125kW for different vehicle masses (kept
constant: Li-ion and 125-kW engine).

The optimal hybridization factor values HFdt_125kW for a truck mass of 7.3 ton
and 4 ton are 23.3% and 15.0% respectively. These values are close to the hy-
bridization factors of the FedEX (HFdt_125kW = 26%, mv = 7.3 ton), the Nis-
san Condorr (HFdt_152kW = 27%, mv = 7.8 ton), and the Hino 4T Ranger truck
(HFdt_132kW = 15%, mv = 3.6 ton).

In Figure 5.13 the optimal HFdt_125kW for a 7.3 tons truck as a function of the
vehicle mass is shown. In the same figure the hybridization factor values are
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shown in case the minimum braking power determines the electric machine size:

HFdt_125kW(mv) =



Pem,min
Pem,min+125 kW

∣∣∣mv ∧
Pem,min = −min

(
Pv(t) ηAMT η

+
f d

)

 . (5.53)

The results in Figure 5.13 show that the discrepancy between the hybridization
factor HFdt_125kW determined by the maximum generative power and determined
by the maximum fuel saving increases with vehicle mass. However, the maxi-
mum fuel consumption difference for the different vehicle masses for both cases
is found to be negligible small. Nevertheless, in order to reduce the required
power specifications for the electric machine the following observation is made.

3. For large vehicle masses (see, Figure 5.13 for mv ≥ 6 ton) the optimal
degree-of-hybridization should be determined based on maximizing the
fuel savings over a whole drive cycle and should not be determined based
on the maximum braking power.
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Figure 5.13 / Optimal HFdt_125kW as a function of the vehicle mass mv (kept constant:
Li-ion and 125-kW engine).

In Figure 5.14 the relative fuel savings (in Table 5.8 and 5.9 the reference val-
ues are listed) of the HEV as a function of HFdt_Pe,max for different engine sizes
and two different vehicle masses are shown (kept constant: Li-ion). The follow-
ing observations are made for a constant vehicle mass or a constant engine size
respectively.
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Table 5.7 / Fuel consumption results for different vehicle masses (kept constant: Li-ion
and 125-kW engine).

Fuel consumption
Mass, mv 4 6 7.3 8 10 12 103 kg

1 BL (131-kW engine) 11.9 14.5 16.0 17.0 19.5 21.9 l/100km
2 HEV (125-kW engine) 9.3 11.4 12.7 13.5 15.5 17.4 l/100km

Optimal HFdt_125kW 15.0 21.9 23.3 26.0 29.4 30.6 %
Pem,max/− Po

M 22/14 35/18 38/22 44/24 55/29 70/34 kW/kW
3 Fuel saving = 100% · (1-2)/1 21.8 21.1 20.9 20.9 20.6 20.6 %

4. The relative fuel saving as a function of HFdt for a smaller engine size is
smaller than for a larger engine size due to increase of the engine static
losses with increase of the engine size.

5. The maximum relative fuel saving at a certain engine size for a smaller
vehicle mass is higher than at the same engine size (i.e., equal static losses)
for a larger vehicle mass. The maximum relative fuel saving is decreased
due to increase of the average vehicle power demands with vehicle mass.

In addition to observation 5, the following observation is made by comparing the
results of Table 5.8 with Table 5.9.

6. The absolute maximum fuel saving at a certain engine size for a smaller
vehicle mass is lower than at the same engine size for a larger vehicle mass.

Table 5.8 / Fuel consumption results for different engine sizes (kept constant: Li-ion and
mv = 7.3 ton).

Fuel consumption
Engine size, Pe,max 125 150 170 205 kW

1 BL 16.0 16.5 16.8 17.4 l/100km
2 HEV 12.7 12.9 13.1 13.3 l/100km

Optimal HFdt_Pe,max 23.3 20.2 18.3 15.6 %
Pem,max/− Po

M 38/22 38/22 38/22 38/22 kW/kW
3 Fuel saving = 100% · (1-2)/1 20.9 21.6 21.9 23.4 %

In Table 5.10 the vehicle improvements regarding the fuel consumption and
drivability for different storage systems are shown (kept constant: HFdt_125kW =
23.3%, mv = 7.3 ton, Pe,max = 125 kW). The results in Table 5.10 show that
the fuel consumption and the vehicle performances are improved in comparison
with the BL vehicle. Note that there is only a small difference in fuel consumption
for the HEV equipped with a Ni-MH battery compared to the HEV with a Li-ion
battery and UC. For the HEV equipped with a Li-ion battery pack or an UC pack,
the fuel consumption values are approximately similar.
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Figure 5.14 / Fuel saving as a function of HFdt_Pe,max for different engine sizes and two
vehicle masses (kept constant: Li-ion).

Table 5.9 / Fuel consumption results for different engine sizes (kept constant: Li-ion and
mv = 12 ton).

Fuel consumption
Engine size, Pe,max 125 150 170 205 kW

1 BL 21.7 22.5 23.0 23.7 l/100km
2 HEV 17.4 17.9 18.2 18.6 l/100km

Optimal HFdt_Pe,max 35.9 31.8 29.2 25.5 %
Pem,max/− Po

M 70/34 70/34 70/35 70/35 kW/kW
3 Fuel saving = 100% · (1-2)/1 19.8 20.6 20.7 21.5 %

Table 5.10 / Fuel consumption and drivability improvements for Ni-MH, Li-ion, and UC
(kept constant: HFdt_125kW = 23.3%, mv = 7.3 ton, and 125-kW engine).

BL HEV Change (%)
Engine size (kW) 131 125 -
Electric machine size (kW) - 38 -
Fuel consumption (l/100km) 16.1 12.7†/12.9‡ +21%/+20%
Gradeability (θmax ) at 89 km/h (%) 4.5 6.7 +49%
Acceleration time (ta ) 0-100 km/h (s) 49.0 36 +27%
Maximum vehicle speed (vmax ) (km/h) 116 129 +11%

-/+ = (de-)increased, † = Li-ion, UC, ‡ = Ni-MH
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The time to sustain the maximum achievable vehicle speed vmax after an ac-
celeration period, denoted as tv,max , is limited by the minimum state-of-charge or
available energy storage (see, Equation (5.13)) of the battery and the ultra capacitor
pack. During the acceleration test, the initial state-of-charge for both the battery
and ultra capacitor packs are 80% and 100% assumed respectively. Moreover,
the battery and ultra capacitor pack are assumed to be discharged to ξmin = 40%
and ξmin = 0% respectively. The results for the different storage systems, until
ξ(ta + tv,max) = ξmin or in other words the minimum state-of-charge constraint is
reached, are listed in Table 5.11.

Table 5.11 / Time to sustain the maximum speed after acceleration tv,max for different
single-storage technologies (kept constant: HFdt_125kW = 23.3%, mv = 7.3 ton, and 125-
kW engine).

Storage type No. modules†/No. caps tv,max (s)
UC 202 8.3
Li-ion 13·2 12.2
Ni-MH 57·2 21.7

† Two parallel strings of in series
connected battery modules.

Although the type of electrical storage system has a relatively small influence
on the overall vehicle performance (total power is the same), tv,max is limited and
significantly different for each type of storage system, mainly due to the different
energy contents. Summarized, the Li-ion battery and UC pack have the highest
storage efficiency, which results in a lower fuel consumption compared to the Ni-
MH battery pack. In addition, the Ni-MH battery has the largest energy content
and therefore the longest time to sustain the maximum vehicle speed tv,max until
the minimum state-of-charge ξmin is reached.

In the next section the sizing results of dual-storage systems at the optimal
hybridization factor HFdt_125kW = 23.3% for a 7.3 tons truck are presented. In
addition, the cost prices of sized dual-storage systems are discussed.

5.6.2 Sizing Results of Dual-Energy Storage Systems

The UC cell (see, Table 5.3) has an equivalent series resistance value of 0.40 m�
and a capacitance Cuc of 2600 F [51]. In Table 5.12 the average system voltage and
the storage mass of the optimized (single-)dual-energy buffers are listed. The bat-
tery and ultra capacitor are assumed to be direct parallel coupled. The required
battery pack size and output power specifications for both battery technologies
are significantly reduced. However, the mass of the dual-storage system (with-
out boost converter) is higher than the single-storage system mass, due to the
relatively high specified minimum motor controller voltage value of 260 V.
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A boost converter can solve this problem by increasing the storage output
voltage and thereby reducing the number of required battery/capacitor cells [55].
For example the Toyota Prius contains an electric motor, which utilizes voltages
of approximately 500 V. Without a boost converter 417 Ni-MH battery cells would
be needed instead of the applied 168 cells. The converter boosts the voltage from
202 V up to 500 V. Therefore, a boost converter is assumed to be connected
between the electric machine and the direct parallel coupled battery and ultra
capacitor modules, which boosts the voltages from approximately 130 V up to 260
V. The results are also shown in Table 5.12. Only the total mass of the dual-storage
system consisting of a Ni-MH/UC with boost converter is significantly reduced
with 23% compared to the single-storage system mass. Although, adding an UC
to a battery reduces the battery power demands and therefore the battery wear
significantly, a boost converter is a critical element in reducing the dual-storage
system mass. In particular, this holds for battery technologies with a relatively low
power density (W/kg). In this case the Ni-MH battery has a lower power density
than the Li-ion battery.

Table 5.12 / Optimal dual-storage size (kg) (kept constant: HFdt_125kW = 23.3%, mv = 7.3
ton, and 125-kW engine).

Storage Nominal Voltage Mass (kg) Relative HFes
type voltage (V) swing, σ (-) battery capacitor total mass (%) (%)
UC 545 0.48 - 93 93 100 0
UC† 446 0.29 - 76 76 82 0
Li-ion 291 - 32 - 32 100 100.0
Li-ion/UC 261 0.65 27 44 71 222 6.2
Li-ion/UC† 132 0.51 14 22 36 113 9.5
Ni-MH 412 - 53 - 53 100 100.0
Ni-MH/UC 263 0.67 34 44 78 147 6.4
Ni-MH/UC† 138 0.67 18 23 41 77 12.0

† with boost converter

In Figure 5.15, for example, the power and energy distribution between the
battery (Ni-MH) and UC with a boost converter as a function of time are shown
respectively. The cut-off frequency is fc = 5.83 mHz corresponding to a battery
time constant of approximately 172 s.

5.6.3 Cost Price of Sized Dual-Storage Systems

The cost price of the batteries and an UC in $/unit is shown in Table 5.13. In
the same table the life expectancy is also given, which has been estimated by as-
suming that 1500 cycles correspond to approximately 5 years [22]. It is observed
in Table 5.13 that an UC has approximately three times the life expectancy of a
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Figure 5.15 / Power and energy distribution over time between battery (Ni-MH) and ultra
capacitor pack with boost converter.

battery (Li-ion, Ni-MH). In Table 5.14 the cost prices of the (single-)dual-storage
systems are listed assuming an average cost price for the Li-ion and Ni-MH bat-
tery of 275 $/kWh. The results in Table 5.14 show that only the total system cost
for a dual-storage system consisting of a Ni-MH battery/UC with boost converter
is reduced compared to the initial single-storage system. Note that the cost price
for the boost converter is not considered. Moreover, the ability to increase the life
expectancy of the battery with the use of the capacitor is not taken into account
regarding the cost analysis. The life expectancy of the battery for the single- and
the dual-storage system is kept constant, whereas in reality the life expectancy
of the battery is potentially improved [6]. The relatively high cost price for the
UC pack is caused by the relatively high required energy buffer size and the rel-
atively high minimum controller input voltage specification. Although even with
a boost converter the voltage swing is increased and σ is decreased from 0.48 to
0.29 (see, Table 5.12), the cost price of an UC system is still relatively high com-
pared to the sized battery systems. Hybridization of the dual-storage system with
a Li-ion battery has no cost benefits. This is explained further with help of Figure
5.16. In this figure the system cost price (for single- and dual-storage) as a func-
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tion of the average battery cost price in $/kWh for the Li-ion and Ni-MH battery is
shown. The break-even cost price for the Ni-MH battery is 269 $/kWh, whereas
the break-even cost price for the Li-ion battery is much higher (> 300 $/kWh).
It is observed, that if the life expectance of the battery, for example, would be
increased from 3.3 years to 5 years, then the break-even cost price for a Ni-MH
battery would decrease by 15% from 269 $/kWh to 230 $/kWh. Additionally, the
figure shows that the cost of a dual-storage system with a Li-ion battery is close
to a dual-storage system with a Ni-MH battery. Overall, it can be concluded, that
the Li-ion battery is, from an energy, power density specification, and a cost price
point of view, the most preferable energy storage system.

Furthermore, if the cost price of the UC decreases by 38% from 0.01 $/Farad
to approximately 0.0062 $/Farad, then the cost price of a dual-storage system
with a Li-ion and UC becomes equal to the initial single-storage battery system.
This is shown in Figure 5.17. Note that the UC cost price reduction target for 2006
was 50% resulting in a decrease from 0.01 $/Farad to 0.005 $/Farad [51]. Obvi-
ously, energy storage hybridization of a Li-ion with an UC module may become in
the future from a cost price point of view also an attractive option. However, this
development strongly depends on the Li-ion battery specification developments
and still requires drastic reduction of UC cost price.

Table 5.13 / Cost-price and cycle life of storage systems.
Storage type Cost price ($/unit) Cycle life Life expectancy Source
Li-ion 300 $/kWh 1000+ 3.3+ years Saft
Ni-MH 250 $/kWh 750− 1200+ 2.5− 4+ years Saft
UC 0.01 $/Farad 105 − 106 10 years Maxwell

Table 5.14 / System cost prices based on 10 years life expectance (kept constant:
HFdt_125kW = 23.3%, mv = 7.3 ton, and 125-kW engine).

Storage type Cost price (10 years) Total cost price (excl. boost converter)
UC $ 5252 $ 5252
UC† $ 4290 $ 4290
Li-ion $ 1441 $ 1441
Li-ion/UC $ 1293/$ 2516 $ 3809
Li-ion/UC† $ 654/$ 1273 $ 1928
Ni-MH $ 2039 $ 2039
Ni-MH/UC $ 1304/$ 2536 $ 3840
Ni-MH/UC† $ 682/$ 1327 $ 2009

† with boost converter; battery cost price of 275 $/kWh and life expectance
of 3.3 years assumed for Li-ion and Ni-MH battery cell.
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5.7 Conclusion

A modeling and simulation approach in characterizing the component technolo-
gies for a medium-duty hybrid electric truck was discussed. The optimal degree-
of-hybridization for the drive train and energy storage system (dual-storage sys-
tem) was determined. The influence of the gross-vehicle weight on optimal com-
ponent sizing was investigated. The results show that the degree-of-hybridization
of developed medium-duty hybrid electric trucks, where the fuel consumption
is measured on different duty drive cycles, are close to the determined optimal
degree-of-hybridization using the methods as described in this chapter. Only the
total mass of the dual-storage system consisting of a Ni-MH/UC with boost con-
verter is significantly reduced with 23% compared to the single-storage system
mass. Although, adding an ultra capacitor to a battery reduces the battery power
demands and therefore the battery wear significantly, a boost converter is a crit-
ical element in reducing the dual-storage system mass. In particular, this holds
for battery technologies with a relatively low power density (W/kg). In this case
the Ni-MH battery has a lower power density than the Li-ion battery. Finally, it
can be concluded, that the Li-ion battery is from an energy, power density speci-
fication as well as cost point of view, the most preferable energy storage system.
However, if the cost of ultra capacitor cells are significantly decreased (>50%),
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then hybridization of a Li-ion battery with an ultra capacitor module in combina-
tion with a boost converter may become an attractive technology package in the
future.



Chapter 6

Conclusions and Recommendations

In the following two sections the main conclusions following from the previous
chapters are drawn and the recommendations for future research are given.

Summarizing, this thesis contributes by proposing:

• a control design method, which is based on the combination of Rule-Based
and Equivalent Consumption Minimization Strategies (RB-ECMS), for op-
timizing the control strategy, and

• a reduced hybrid drive train model described by a small set of subparame-
ters, which can be employed with sufficient accuracy for hybrid drive train
specification.

These two results followed from two research questions posed in the introduc-
tion:

(i) can a computationally efficient method be developed, which results in an
optimized control strategy comparable to the strategy computed with DP?

(ii) can reduced models be developed for topologies, component technologies
and sizes, which can be employed for parametric design optimization with
sufficient accuracy?

The answer to the first research question is: yes, a control method called RB-
ECMS is proposed, which is used for quick optimization and shows results com-
parable to the optimal solution of Dynamic Programming (DP). The answer to the
second question is also affirmative. The effects of parameter variation on the fuel
consumption can be investigated using the proposed high-level modeling and de-
sign approach, which is decoupled from the choice of specific components, drive
train configuration, and control strategy. Furthermore, the control design and de-
sign parameter optimization are merged into a single framework. The proposed
method is a step forward in the development of a quick optimization and design
analysis tool where the overall fuel consumption of a hybrid propulsion system is
predicted with reasonable accuracy for different vehicle classes and drive cycles.

141
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6.1 Conclusions

The design problem for a hybrid vehicle drive train is formulated as an optimiza-
tion problem, which is solved for various case studies. The control design prob-
lem is formulated as a subproblem using a local design variable (control power-
flow of the secondary power source S). Several techniques for solving the control
design problem were investigated. Firstly, the main conclusions regarding the
investigated methods and the fuel saving strategies are discussed. Accordingly,
the conclusions regarding the reduced hybrid drive train modeling approach for
solving the hybrid drive train design problem are discussed.

6.1.1 Control Design Methodology

Dynamic Programming (DP) is used for solving the control design problem,
which results in a global optimal solution. Therefore, the technique has the ad-
vantage, besides that it is suitable for solving nonlinear non-convex problems,
that it can be used as a bench mark for other optimization methods. However,
DP requires a relatively long computation time. Heuristic solvers are sub-optimal
by their approximative solution. However, heuristic solvers are characterized by
a relatively short computation. Heuristic control strategies based on engineering
intuition usually require tuning of many specific control rules on the optimizing
solution.

A control model (RB-ECMS) has been proposed in Chapter 2, where the hy-
brid drive train is operated in distinct hybrid driving modes. The optimization
method is based on Rule-Based (RB) and Equivalent Consumption Minimiza-
tion Strategies (ECMS). The developed method allows quick optimization (50-
100 times shorter computation time compared to DP), since the defined hybrid
driving modes are independently of topology and tuning of many control rules
is unnecessary. The design variable is the control power-flow of the energy accu-
mulator where the main design parameter is the maximum (electro-)motor-only
power threshold value. The effects of the hybrid driving modes on the fuel saving
potential and the energy balance have been investigated. The fuel consumption
is reduced on a drive cycle with a hybrid drive train by:

• shutting-off the engine during vehicle standstill, pure electric driving, or
braking, and

• reducing the engine power demand by motor-assisting during driving.

These fuel saving strategies, which are based on engine load leveling, employ
generated energy during braking and driving with the engine. The fuel saving
strategies can partially be enfolded by looking at the characteristics of the engine.
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The idle losses or static engine losses are relatively large resulting in a relatively
low engine part-load efficiency at low drive power demands. The second strategy
is related to the fuel mass-flow as a function of engine output power. However,
for most engines this function is approximately linear and limits therefore the
amount of fuel saving with motor-assisting. In addition, the conversion losses
between the engine and the battery and the battery storage losses further decrease
the fuel saving. Due to the integral energy balance constraint the energy used by
the secondary power source S for electric driving, motor-assisting, or engine re-
start needs to be generated. This energy is beneficially generated during braking
or driving at moments where the incremental fuel cost are low.

The secondary power source is operated on a standardized drive cycle within
a relatively small power range compared to the engine for both relatively low-
frequent (regenerative braking, electric driving) and high-frequent drive power
demands (charging, motor-assisting). This causes the engine to operate more
stationary and closer to its optimum output.

The (electro-)Motor-only mode determined by the maximum motor-only
power threshold value (control design parameter) has been evaluated. A rela-
tionship between the average incremental fuel cost or equivalent weight factor,
which corresponds to the Lagrangian of the integral energy balance constraint
[39], and the control design parameter has been found. In the global optimal so-
lution the maximum motor-only power threshold value tends to vary a little over
time on a drive cycle, due to small variations in the engine, the transmission, or
the secondary source efficiency. The effect of this on the fuel consumption and
the energy management strategy is found to be very small (within±1% accuracy)
by comparing the results of the RB-ECMS with DP.

6.1.2 Reduced Hybrid Drive Train Modeling and Design Methodology

A reduced hybrid drive train modeling approach has been proposed for solving
the hybrid drive train design problem, and is validated for various case studies by
simulation in the Chapters 3, 4, and 5. The overall hybrid vehicle model simpli-
fication holds for describing the drive train topology, the component sizes, com-
ponent technologies, and control strategy by a limited set of subparameters. The
component efficiencies described by the transmission technology T, the primary
P, and the secondary power source S are modeled as simplified power-based para-
metric fit functions. The characteristic parameters are found by fitting linear or
quadratic functions on the computed (in-)output powers for each component.
The operation points, which are determined by the drive cycle, the vehicle load,
and the control strategy, determine the values for the characteristic component
parameters. The main conclusions are discussed below.
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• A different hybrid drive train configuration (i.e., series, parallel, series-
parallel) corresponds to a different transmission technology T.

A series-parallel configuration consists, for example, of a planetary gear set and
two electric machines (Toyota Prius). The electric machine at the wheel-side,
which performs the electric-only modes, is defined to be functionally part of the
secondary power source S. Since, the electric machine of S is also part of T, sizing
of S indirectly affects on the characteristic parameters that describe the transmis-
sion efficiency. If the electric machine size at the wheel-side of T is sufficiently
large to maintain the ratio coverage of the transmission, yet it is too small in
order to fulfill the required functions of S, then the electric machine size at the
wheel-side of T needs to be increased. Basically, the same design strategy holds
for a series configuration. However, looking at the development of the transmis-
sion by Toyota, the increased size of S is mainly determined by performance and
not by fuel consumption reduction or ratio coverage constraints. The secondary
power source S is gradually increased further, in order to become a plug-in hybrid
vehicle [87], by reasons of fuel consumption and emissions reduction constraints
in the future.

• A different topology, component size, technology, or control strategy is in-
directly associated with a different set of characteristic parameters.

Employing the simplified component models in combination with the RB-ECMS,
the effect of characteristic parameter variation of the components on the fuel
consumption and control strategy can be investigated very quickly.

• The characteristic component parameters describing the efficiency for P, S,
and T can be determined with sufficient accuracy only dependent on the
drive cycle and the vehicle parameters by assuming certain component op-
eration preferences. The component operation preferences related to each
component are:

P: the engine is operated over a whole drive cycle at the maximum effi-
ciency points;

S: the electric-only modes (BER mode, M mode) over a whole drive cycle
are used, while S is operated at the maximum efficiency points (S is
pre-coupled to T). P is shut-off. Moreover, P has no drag or idle losses;

T: the engine-only mode over a whole drive cycle is used, while P is op-
erated at the maximum efficiency points. S is shut-off. In addition, S
has no drag or idle losses.
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The transmission technology T is assumed to be a Continuously Variable
Transmission (CVT). Note that the topology and the transmission technology T
determine if the secondary power source S and the primary power source P can
be operated at (e.g., in case of a CVT), or close to (e.g., in case of T with a lim-
ited set of discrete gear ratios) its maximum efficiency points. Furthermore, if
P or S has drag or idle losses, then these losses also influence the characteristic
parameters for S and T.

The method with a priori articulation of component operation preferences
allows that the component efficiency models and the incremental fuel costs (sav-
ings) for all admissible control design variables, which are required as input for
the control design model, are computed efficiently and with sufficient accuracy
for different component sizes, technologies, and topologies. The component op-
eration preferences are originated from the following investigated observations
(see, Chapter 4):

• the influence of system optimal operation compared to engine optimal op-
eration on the fuel consumption reduction for a hybrid vehicle is relatively
small (1%-2%), and

• the influence of power exchange between S and P during driving (motor-
assisting, charging) on the efficiency of S and T is relatively small (2%-3%).

The effects of design parameter variation on the fuel consumption by comparing
the results of a detailed and a reduced hybrid drive train model were investigated.

• Employing the reduced hybrid drive train modeling approach, the design
of a hybrid passenger car is performed within an average error of less than
1.6%.

The influence of power exchange between S and P during driving (motor-
assisting, charging) on the efficiency of S increases with increase of secondary
power source S size. Since, the average efficiency of S during motor-assisting or
charging tends to decrease with increase of size.

In Chapter 5, the reduced hybrid drive train modeling approach was used for
the identification of the optimal hybridization of a medium-duty truck. The re-
sults show the application of the technique proposed and the potential usage of
Li-ion batteries as the most preferable energy storage. Hybridization on the sys-
tem level (hybrid drive train) towards subsystem level (energy storage system) was
investigated by employing frequency-based power segmentation of the power sig-
nals. The approach is based on load leveling of the battery system, which finds a
resemblance at system level for the battery/electric machine in combination with
the engine. Ultra capacitors are suitable for supplying relatively high powers with
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high frequencies (low energy content), whereas the battery is suitable for deliver-
ing the remaining relatively low powers with low frequencies. The dual-storage
systems are expected to increase the overall storage system’s life-time by reducing
the battery wear. However, the overall system mass and cost reduction potential
is found to be limited. Especially, for Li-ion batteries, which are characterized by
relatively large energy and power density specifications.

6.2 Recommendations for Future Research

The described research focussed on the development of a high-level modeling
and design framework, which can be employed for control design, topology, tech-
nology selection, and component sizing of hybrid vehicle propulsion systems re-
garding one of the main design objectives, i.e., fuel consumption reduction. The
proposed method is recommended to be worked out in more detail by:

• experimental validation of the proposed design approach. Furthermore,
measurements in acquiring experimental component data, initially on sub-
system level and subsequently on system level, of real components is nec-
essary. A start has been made in Chapter 4;

• incorporating other design objectives and/or constraints, which possible
play an important role in the design of hybrid vehicle propulsion system.
Some other design targets/constraints including, yet not limited to: the
required acceleration performances, the required maximum power, the re-
duction of other pollutant emissions (during engine warm-up), the mini-
mization of battery wear, or the minimum required traveled distance with
zero emissions (electric-only driving as with a plug-in hybrid vehicle);

• solving other design cases including, yet not limited to: other vehicle
classes and drive cycles, e.g., within the range from small passenger cars
up to distribution trucks, the specification of new component technologies,
or hybrid vehicle drive trains.

Within the context of solving other design cases, a software design tool with
user-friendly interfaces for selecting the design objectives, constraints, and other
component models, could be developed. Some design problem examples, which
could be addressed using the framework proposed in this thesis, are discussed
below.

The specification of hybrid vehicle drive trains in relationship with new up-
coming engine - (e.g., Homogeneous Charge Compression Ignition (HCCI) en-
gines) or exhaust-gas after-treatment technologies is recommended to include in
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further research. The advantages of a HCCI engine are the relatively high ther-
mal - and part-load efficiency (no throttling device), and the relatively low NOx -
and particle emissions [76]. The challenges with an HCCI engine are expanding
the useful operation range, managing the transient behavior, and reducing the
HC- and CO-emission.

Plug-in hybrid electric vehicles, which are equipped with a larger battery than
a usual hybrid vehicle, allow range extension without any local polluting emis-
sions are seen as promising future solutions for transport in cities and sub-
urbs [78, 87]. After depleting the secondary power source, the control strategy
switches to charge sustaining mode using the primary power source (e.g., an in-
ternal combustion engine, or a fuel cell). The required drive energy could be
charged overnight when the demands are low resulting in a load leveling effect
on the electric grid. The idle generating capacity during off-peak hours would be
brought into productive use. Allowing plants to operate with less variability and
closer to optimum output could enhance the overall efficiency of the electrical
system. The introduction of these relatively new type of hybrid vehicles to the
market depends on the progress in the development of new batteries, which tol-
erate frequent and fast load changes. Moreover, the additional production costs of
the electrical components strongly dictate the market introduction time schedule
of these types of hybrids.

Similar to the development of new engine technologies or other primary
power sources (fuel cells), and the challenges with the usage of these technologies
in hybrid vehicles, the usage of plug-in hybrid vehicles puts constraints on find-
ing the optimal hybrid components (secondary power source S and transmission
technology T), topology, and control strategy.
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Appendix A

Model Components

A.1 Component Models of the Base Line Vehicle

In this appendix, the component models will be discussed that have been used in
order to reconstruct the engine fuel map. The fuel map is validated by simulation
using a forward-facing control model.

A.1.1 Fuel Map Reconstruction

In Figure A.1 the drive train structure for the Toyota Yaris is shown.

Figure A.1 / Drive train structure.

The engine fuel map is reconstructed based on the measured injected fuel
mass-flow ṁ f , the engine shaft speed ωe, the drive shaft torque Tds and - speed
ωds . The engine torque Te, as a result of the dynamic torque balance at the
crankshaft (with a locked torque converter), is calculated with

Te = Jv r2
d r2

CV T ω̇ds + Tloss + rCV T Tds − (ṙ/r2
CV T ) ωds (J1 + Je). (A.1)

The total vehicle inertia moment, denoted as Jv, holds

Jv = (mv r2
w + 2Jw)+ J1/(r2

CV T r2
d )+ Js/r2

d , (A.2)

with the vehicle mass mv, the wheel radius rw, the final drive ratio rd , the inertia
parameters J1 = Jp+ Jtb representing the sum of the primary pulley and turbine
inertias respectively, and Js the secondary pulley inertia.
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The torque losses Tloss at the primary shaft of the CVT consist of mechani-
cal torque losses (friction -, slip losses of the V-belt, bearing, final drive friction
losses), denoted as Tmech , and hydraulic pumping torque losses, denoted as Tpump

[84]:
Tloss = Tmech(Tt,p, ωt,p, Rp)+ Tpump(pl, ωt,p). (A.3)

The mechanical torque loss is represented by nonlinear static look-up map and
is as a function of the transmission input torque Tt,p, speed ωt,p and the primary
running radius of the belt Rp. The primary running radius of the belt Rp is
approximated with [84]:

Rp ≈
rCV T

rCV T + 1
Lb − 2 xc

π
, (A.4)

and depends on the speed ratio rCV T , the belt length Lb = 650 mm, and the
pulley center distance xc = 156 mm. The hydraulic pumping torque loss is also
represented by a nonlinear static look-up map and is a function of the pump
delivery pressure (line pressure) pl and the transmission input speed ωt,p.

The transmission input torque Tt,p is estimated with the measured drive shaft
torque Tds and the speed ratio rCV T by assuming that,

Tt,p = Tds · rCV T . (A.5)

Measurements on the test vehicle have shown that the pump delivery pressure pl

lies approximately 5 bar above the hydraulic clamping pressure, denoted as ps , at
the secondary pulley,

pl ≈ ps + 5 · 105 ∧ ps =
S f Tt,p cos φ

2 µ Rp As
[bar]. (A.6)

The pressure increase due to centrifugal forces acting on the fluid and pulley
cilinder surface has been neglected. The (minimum) clamping pressure is a
function of the given safety factor S f = 1.3, the pulley wedge angle φ = 11o,
the traction coefficient between belt and pulley µ = 0.09, and the secondary pul-
ley cylinder surface As = 0.0122 m2. Some improvement in predicting the line
pressure is possible by investigation of the clamping pressure safety strategy used
in the reference vehicle. In this appendix, a constant safety factor is modeled,
whereas measurements on the reference vehicle show different values depend-
ing on the vehicle conditions during stand-still (idle mode) and coast-down.

The measured fuel mass-flow data is mapped onto a two dimensional grid of
the measured engine speed ωe and the engine torque Te calculated with Equation
(A.1):

ṁ f = ṁ f (ωe, Te). (A.7)
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The used vehicle model parameters are listed in Table A.1. Accordingly, the matrix
containing all fuel mass-flow data is filtered using a median filtering technique in
order to obtain a more smoothed fuel map. Each matrix output element contains
the median value in a defined square neighborhood around the corresponding
matrix input element. The reconstructed fuel efficiency map as a function of the
engine torque Te and engine speed ωe is shown in Figure A.2. In the figure, the
reconstructed engine Optimal Operation Line (OOL) and the fitted or ‘smoothed’
OOL are also shown. The depicted OOL collects over a certain engine power
range the set of engine operation points with maximum efficiency. In the follow-
ing section, the torque converter model is discussed, that has been used in the
forwards-facing control model in order to evaluate the reconstructed engine fuel
map.
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Figure A.2 / Reconstructed 1.3-l VVTi engine efficiency map and smoothed Optimal Op-
eration Line (OOL). WOT = Wide-Open Throttle torque.

A.1.2 Torque Converter

The torque converter is basically a fluid coupling and consists of four important
elements: the pump or impeller, stator, turbine and a one-way clutch for lockup.
Figure A.3 shows that the engine output shaft and the transmission input shaft
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Table A.1 / Vehicle model parameters.
Description Symbol Value Unit
Total mass mv 1134 kg
Wheel radius rw 0.277 m
Engine inertia Je 0.12 kg m2

Torque converter turbine inertia Jtb 0.03 kg m2

Secondary pulley inertia Js 0.033 kg m2

Primary pulley inertia Jp 0.04 kg m2

Inertia of two wheels Jw 1.5 kg m2

Figure A.3 / Cross-section of a torque converter.

are connected to the pump and the turbine rotor respectively. During launch the
engine torque increases the pump speed, thereby increasing the present fluid
velocity at the impeller. Initially, the fluid thrown into the turbine blades causing
an impulse change that drives the turbine. When rotating the build-up pressure
causes the fluid to flow toward the turbine of which the blades are curved in the
reverse direction of the impeller. The speed ratio between the engine and the
turbine shaft (connected to the CVT input shaft), denoted as rtc, is defined as [75],

rtc =
ωt,p

ωe
. (A.8)

The lockup condition is achieved when rtc = 1. The slip ratio together with the
impeller speed determines the reaction torque Tim at the impeller,

Tim = btc ω
2
e , (A.9)

whereby btc is the torque converter capacitor factor. The torque amplification also
depends on the torque converter slip and causes the hydraulic torque acting on
the turbine,

Ttb = αtc(rtc) Tim . (A.10)

For the torque converter used in the simulation, both btc and αtc are plotted as a
function of rtc in Figure A.4.
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of the TC slip ratio rtc.

Figure A.5 / Forwards-facing control model used for conventional drive train analysis.

A.1.3 Evaluation of the Component Models

A forwards-facing (or integrating) control model consisting of a ‘driver model’
and a dynamic ‘drive train model’ for the vehicle is shown in Figure A.5. The
control model is used in order to validate the calculated fuel mass-flow using the
reconstructed engine map described by Equation (A.7) with the measured fuel
mass-flow data on the JP10-15 drive cycle. The input of the drive train model is
the engine torque Te(t), the wheel brake torque, the state of the torque converter
(locked/unlocked), the speed ratio, and the output is the resulting vehicle speed
vv(t).

To correctly simulate the engine operating points, it is important to have a
sufficient accurate representation of CVT ratio control. For this purpose, a vari-
ogram has been constructed based on the measurement data. It was chosen to
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Figure A.6 / Results of the fuel consumption and the engine speed measurement test
compared to a simulation test of the conventional drive train.

correlate the relationship between the CVT ratio rCV T (t), the vehicle speed vv(t),
and the vehicle acceleration av(t). The dependency on vehicle speed vv(t) and
engine torque Te(t) was also considered, but the vehicle acceleration av(t) gave
better results. The driver model includes besides a variogram also a PI-controller
in order to determine the desired engine torque or the wheel brake torque in or-
der to track the desired vehicle speed vv(t) with sufficient accuracy. The vehicle
parameters set at the dynamo test bench determine the vehicle road load Trl(t) of
the Toyota Yaris. The vehicle road load depends on the vehicle speed vv(t) (m/s)
(assuming no wheel slip) and is the sum of the roll resistance and the air drag
torque:

Trl(t) = 36.8+ 0.416 vv(t)+ 0.113 vv(t)2. (A.11)

The results of the measured and the calculated fuel consumption (l/100km) and
the engine speed at the JP10-15 [34] cycle are shown in Figure A.6.

An average idle mass-flow of approximately 0.097 g/s has been measured at
vehicle standstill. The fuel consumption for the vehicle equipped with a wet-plate
clutch instead of a torque converter has also been calculated. The simulation with
a wet-plate clutch shows a relative small fuel consumption improvement of 2%.
The torque converter lock-up and unlock strategies have been investigated. Mea-
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Table A.2 / Reference values: base line vehicle (forwards-facing control model).

Fuel consumption on the JP10-15

Test l/100km Relative values

Measured value (TC) 5.10 100.0%

Catalogue value (TC) 5.00 98.0%

Simulated value (TC) 5.00 98.0%

Simulated value (CL) 4.90 96.0%

TC = Torque Converter, CL =Wet-plate clutch

surements show that Toyota incorporates an early lock-up strategy in the Yaris.
The fuel consumption results are listed in Table A.2.
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Nomenclature

List of Acronyms

Symbol Description

ADVISOR Advanced Vehicle Simulator
AMT Automated Manual Transmission
AT Automatic Transmission
AWD All-Wheel Driven
BER Brake-Energy Recovery mode
BL Baseline Vehicle
C Control model
CL Wet-plate clutch
CO Carbon monoxide
CO2 Carbon dioxide
CH Charging mode
CLC Clutch Closed
CLO Clutch Open
CVT Continuously Variable Transmission
CS1,CS2 Control Strategy 1, 2
DS Dual-Storage
DP Dynamic Programming
E Engine-only mode
EM Electric Machine
EMA Electro-Mechanical Actuation
EMS Energy Management Strategy
EOOL Engine Optimal Operation Line
ECMS Equivalent Consumption Minimization Strategy
EON Engine On
EOFF Engine Off
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List of Acronyms (continued)

Symbol Description

IMA Integrated Motor Assist
FWD Front-Wheel Driven
FTP75 Federal Test Procedure-75 (United States drive cycle)
HC Hydrocarbon
HEV Hybrid Electric Vehicle
HDA Hydraulic Actuation
JP10-15 Japanese 10-15 mode (drive cycle)
JP16 Japanese 16 mode (drive cycle)
Li-ion Lithium ion
NEDC New European Drive Cycle
Ni-MH Nickel Metal Hydride
M Motor-only mode
MA Motor-Assist mode
NOx Nitrogen oxides
OOL Optimal Operation Line
P Primary power source (engine)
PA Parallel hybrid configuration
PRI Primary
RB Rule-Based
RWD Rear-Wheel Driven
S Secondary power source
SE Series hybrid configuration
SEC Secondary
SP Series-Parallel hybrid configuration
SOOL System Optimal Operation Line
SS Single-Storage
T Transmission technology
TC Torque Converter
UC Ultra Capacitor
WOT Wide-Open Throttle
V Vehicle / Drive cycle
QSS Quasi-Static Simulation



169

List of Symbols

Symbol Description Unit

a Transmission matrix coefficient -
av Vehicle acceleration m/s2

b Transmission matrix coefficient -
btc Torque capacity Nms2/rad2

c Transmission matrix coefficient -
cd Air drag coefficient -
d Transmission matrix coefficient -
ci Fit coefficient, characteristic parameter, i ∈ N -
c0 Fit coefficient, characteristic parameter W
c1 Fit coefficient, characteristic parameter -
c2 Fit coefficient, characteristic parameter 1/W
cr Rolling resistance -
f0,1, fM Power ratio control parameter -
f0,2 Power ratio control parameter -
f1,1 Torque ratio control parameter -
fc Cut-off frequency Hz
frb Brake force ratio between rear wheels and front wheels -
f f b Brake force ratio between front wheels and rear wheels -
g Gravity m/s2

Eg Inequality constraints W
Eh Equality constraints J
hlv Lower heating value for fuel J/g
i Iteration step -
ṁ f Fuel mass-flow g/s
ṁ f,eq Equivalent fuel mass-flow g/s
ṁ f,0 Idle fuel mass-flow g/s
4ṁ f Difference in fuel mass-flow g/s
mv Total vehicle mass kg
nb Number of battery modules -
n p Number of parallel strings of battery modules -
nuc Number of ultra capacitor cells -
pl Line pressure bar
ps Hydraulic clamping pressure bar
rAMT AMT speed ratio -
rCV T CVT speed ratio -
rd Final drive ratio -
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List of Symbols (continued)

Symbol Description Unit

rt Overall transmission speed ratio -
rtc Speed ratio between the engine and the turbine shaft -
rud , rod Under-, overdrive speed ratio -
rw Wheel radius m
ṙ Time derivative of r 1/s
t Time s
ta Acceleration time s
t f Final time s
tv,max Time to sustain maximum vehicle speed s
4t Time step s
vM Vehicle speed electric-only threshold value m/s
vv Vehicle speed m/s
x Design parameter -
xc Pulley center distance m
z Epicyclic gear ratio of planetary gear -
A f Frontal area m2

As Secondary pulley cylinder surface m2

Cuc Capacitance ultra capacitor F
Eb Energy storage level at output of battery J
Ecap Energy capacity of battery J
E f Energy content of used fuel J
Es Energy storage level of S J
Es,uc Energy storage level at input of ultra capacitor J
Es,b Energy storage level at input of battery J
Euc Energy storage level at output of ultra capacitor J
Ev Energy vehicle demand for driving over a drive cycle J
4Es Energy storage difference of S at the end of drive cycle J
4Es,a Available energy storage capacity J
4Es,I 4Es with BER/M mode J
4Es,I I 4Es with CH/MA mode J
4Es,uc,a Available usable storage energy for ultra capacitor J
4Es,uc,n Needed usable storage energy for ultra capacitor J
G Design constraints -
H Height center of mass m
Hb Transfer function battery -
H f Low-pass bandwidth filter -
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List of Symbols (continued)

Symbol Description Unit

Huc Transfer function ultra capacitor -
HFdt Hybridization factor drive train -
HFes Hybridization factor energy storage -
I Current A
Ipe,max Maximum current power electronics A
Je Engine inertia kg m2

Jem Electric Machine inertia kg m2

Jp, Js Primary -, secondary pulley inertia kg m2

Jtb Turbine inertia kg m2

Jv Total vehicle inertia kg m2

Jw Inertia of rotating parts including wheels kg m2

Kb, Kuc Battery -, ultra capacitor conversion factor kg/cell
K p, Ki Proportional -, integrator control parameter g/J
L Length of wheel base m
Lb Belt length evaluated a neutral line m
Lr Distance between rear wheel and center of mass m
N Set of natural numbers -
M Matrix with transmission coefficients -
Pe Engine power W
Pem Electric machine power W
P f Fuel power W
Ploss Power losses W
Pin , Pout Input -, output power W
Pmax Maximum output power, characteristic parameter W
PM Motor power threshold value, characteristic parameter W
PB E R Regenerative brake power W
Pp Primary source power W
Ps Secondary source (or storage) power W
Ps,I Ps during BER/M mode W
Ps,I I Ps during CH/MA mode W
Ps,b, Pb Battery input -, output power W
Ps,uc, Puc Ultra capacitor input-, output power W
Pt,p, Pt,s Primary -, secondary transmission (in-)output power W
Pv Vehicle drive power demand W
Pv,loss Power losses of variator W
Pv,p, Pv,s Primary -, secondary variator (in-)output power W
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List of Symbols (continued)

Symbol Description Unit

Q Charge capacity C
Q0 Charge bulk capacity C
Rb Internal battery resistance Ohm
Rp Primary running radius m
R Set of rational numbers -
S f Safety factor -
T Battery temperature oC
Te Engine crank shaft torque Nm
Tem Electric machine torque Nm
Tim Impeller torque Nm
Tmech Mechanical torque loss Nm
Tpump Pump torque Nm
Trl Road load torque Nm
Tp Output torque primary power source Nm
Ts Output torque secondary power source Nm
Tt Input torque transmission technology Nm
Ttb Turbine torque Nm
Tsli p Wheel slip torque Nm
Tt,p, Tt,s Primary -, secondary transmission (in-)output torque Nm
Tv Vehicle wheel torque demand Nm
Tv,p, Tv,s Primary -, secondary variator (in-)output torque Nm
Ub Battery voltage V
Ub,min,a Minimum available battery voltage V
Ub,nom Nominal battery voltage V
Uoc Open-circuit voltage V
Upe,min Minimum input voltage of the motor controller V
Uuc Ultra capacitor voltage V

αtc Torque amplification -
βbr Braking energy ratio to the total traction energy -
ε Error iteration step W
φ Half the pulley wedge angle 11o

φi Inverse component efficiency, i ∈ {e, f, em, b} -
φ j Control parameters, j ∈ {1, 2, 3} -
γ Convergence ratio -
ηtank→bat Average path efficiencies (fuel tank to battery) -
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List of Symbols (continued)

Symbol Description Unit

ηAMT AMT efficiency -
ηc Coulomb efficiency -
ηCV T CVT efficiency -
η̄CV T Average CVT efficiency -
ηem Electric machine efficiency -
η f d Final drive set efficiency -
ηp Primary power source efficiency -
ηps Planetary gear set efficiency -
ηs Secondary power source efficiency -
ηsys System efficiency -
ηt Transmission efficiency -
ηv Variator efficiency -
λ Lagrange multiplier, equivalent weight factor g/J
λ′ Previous stored value for λ g/J
λdis , λchg Average incremental fuel cost discharging, charging g/J
λu , λl λ when crossing upper, lower boundary state-of-charge g/J
λ0 Average incremental fuel cost g/J
λ1 Incremental fuel cost g/s
1λ Correction value for λ g/J
µr Traction coefficient between rear-wheels / road surface -
µ Traction coefficient between belt / pulley -
θ Road slope o

ρ Air density kg/m3

σ Discharge voltage ratio -
ωe Angular engine speed rad/s
ωem Angular electric machine speed rad/s
ωds Angular drive shaft speed rad/s
ωp Angular speed of output shaft P rad/s
ωs Angular speed of output shaft S rad/s
ωt Angular speed of input shaft T rad/s
ωv Angular vehicle wheel speed rad/s
ωv,p, ωv,s Primary -, secondary variator (in-)output speed rad/s
ωt,p, ωt,s Primary -, secondary transmission (in-)output speed rad/s
ω̇ Time derivative of ω rad/s2

ξ State-of-Charge value -
ξre f State-of-Charge Reference value -
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List of Symbols (continued)

Symbol Description Unit

ξmin , ξmax Minimum -, maximum state-of-charge value -
8 Objective function -
8 f Total fuel consumption g
8es Total energy storage mass kg
9 Variator power ratio -



Summary

Framework for Combined Control and Design Optimization
of Hybrid Vehicle Propulsion Systems

The improvements of conventional drive train technologies of new passenger
cars regarding fuel consumption and emissions reduction are diminished by the
increasing trend in the average vehicle mass and the maximum engine power.
The vehicles become heavier due to the increasing demand of vehicle safety and
comfort, while the performance of the vehicle is not allowed to be compromised.
Hybridization of the drive train allows to significantly reduce the fuel consump-
tion and emissions without compromising the performance of the vehicle. Due
to the broad variety of the type of vehicles, the usage of these vehicles, and the
choice of component technologies and topologies, many solutions are provided
for hybrid propulsion systems. A design analysis method is required to manage
the complex and challenging design process regarding the specification of hybrid
vehicle drive trains.

In the last two decades different modeling and simulation tools for integral
optimization, including the hybrid vehicle control strategy, have been developed.
However, these tools are characterized by large computation times due to the
complexity (i.e., interdependency of the design parameters), the unknown sen-
sitivity of the parameters to the design objective, and the multi-objective nature.
Insights into the design problem at hand are lost when a single final design so-
lution is presented as a result of a complex integral design process. Interactions
between the different design parameters are then difficult to investigate. This
thesis contributes by introducing a high-level modeling framework for combined
control and design optimization regarding one of the main design objectives:
minimization of the fuel consumption and CO2-emissions.

In this thesis the design problem for a hybrid vehicle drive train is formu-
lated as an optimization problem, which is solved for various case studies. The
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control design problem is formulated as a subproblem using a local design vari-
able (control power-flow). Several techniques for solving the control optimiza-
tion problem are investigated. The control optimization problem is solved by us-
ing Dynamic Programming (DP). A Rule-Based (RB) control strategy is derived,
which is based on the observed results with DP, where a hybrid drive train is
operated in distinct hybrid driving modes. The optimality of the heuristic con-
trol strategy is significantly improved by combining the method with Equivalent
Consumption Minimization Strategy (ECMS). The new combined method, called
the RB-ECMS, requires significantly less computation time compared to DP and
less tuning of rules compared to other heuristic methods. Moreover, it gives a
physical understanding of the relationship between the defined hybrid modes,
the fuel saving potential, and the energy balance conservation. Furthermore, the
control method is decoupled from a specific hybrid component technology, size,
or topology choice.

The component design problem is related to the component technology
choice and sizing issues. In order to solve the component design problem, the
possibility of describing the component efficiencies as simplified power-based
parametric fit functions is investigated. The fit coefficients or characteristic pa-
rameters are found by fitting linear or quadratic functions on the computed (in-
)output powers for each component. The operation points, which are determined
by the drive cycle, the vehicle load, and the control strategy, determine the values
for the characteristic component parameters.

A reduced hybrid drive train model describing the main components and the
topology is introduced, which is used for design analysis of hybrid drive trains
decoupled from the choice of specific components, hybrid drive train configura-
tions, and control strategy. In this model, a different hybrid drive train config-
uration (i.e., series, parallel, or series-parallel) implies a different transmission
technology. The key idea behind hybrid drive train modeling with reduced com-
plexity is that a different topology, component technology, or size simply implies
a different set of characteristic parameters. Employing simplified power-based
parametric functions in combination with the RB-ECMS, the effect of charac-
teristic parameter variation of the components on the fuel consumption can be
investigated very quickly.

The thesis contributes by showing that the characteristic component para-
meters describing the efficiency are determined with sufficient accuracy only
dependent on the drive cycle and vehicle load by assuming certain component
operation preferences. The component efficiency models and the incremental
fuel costs (savings) for all admissible control inputs, which are required as in-
put for the RB-ECMS, are generated very quickly for different component sizes,
technologies, and topologies. This alternative method in combination with the
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RB-ECMS results in a fast design analysis method. The method can be used for
the specification of a hybrid vehicle propulsion system by effectively narrowing
down the initially large design space and reducing the complexity. Furthermore,
the method links the control design optimization with the topology and the com-
ponent design optimization into a single framework. The derived method gives
insights in the basic principles that determine the fuel consumption and the di-
rection of effective improvement with minimal system specifications.
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Samenvatting

De verbeteringen van conventionele aandrijflijnen in nieuwe personenvoertui-
gen, met als doelstelling vermindering van het brandstofverbruik en schadelijke
emissies, worden teniet gedaan door de toenemende trend in het gemiddelde
voertuiggewicht en het maximum vermogen van verbrandingsmotoren. Voertui-
gen worden zwaarder door de toenemende eisen met betrekking tot veiligheid en
comfort, terwijl de prestaties van het voertuig (bijvoorbeeld acceleratietijd) niet
mogen worden gecompromitteerd. Hybridiseren van de aandrijflijn staat toe
het brandstofverbruik en schadelijke emissies significant te reduceren zonder
de voertuigprestaties te verminderen. Door de grote diversiteit van verschillende
type voertuigen, het gebruik van deze voertuigen en de keuze van topologieën en
component technologieën zijn er vele ontwerpoplossingen mogelijk voor hybride
aandrijfsystemen. Om dit complexe en uitdagende ontwerpproces in goede ba-
nen te kunnen leiden is er een ontwerpanalyse methode nodig met betrekking
tot het specificeren van hybride aandrijfsystemen.

De afgelopen twee decennia zijn er verscheidene modelleer- en simulatiesoft-
ware programma’s ontwikkeld voor het integraal optimaliseren van hybride aan-
drijfsystemen, inclusief de regelstrategie. Deze programma’s worden over het al-
gemeen gekarakteriseerd door lange rekentijden ten gevolge van de complexiteit
(onderlinge afhankelijkheid van de ontwerpparameters), de onbekende gevoe-
ligheid van de ontwerpparameters ten opzichte van de ontwerpdoelstelling en
het multi-objectieve karakter van het ontwerpprobleem. Daarbij is de interactie
tussen de verschillende ontwerpparameters moeilijk te onderzoeken, wanneer
een uiteindelijke oplossing wordt gepresenteerd op basis van een complex inte-
graal ontwerpproces. In dit proefschrift wordt een modelleermethode geïntro-
duceerd voor het gecombineerd optimaliseren van de regelstrategie en het hy-
bride aandrijflijnontwerp met betrekking tot een van de belangrijkste doelstellin-
gen: minimalisatie van het brandstofverbruik en CO2-emissies.

In dit proefschrift wordt het ontwerpprobleem van een hybride aandrijflijn
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geformuleerd als een optimalisatieprobleem, dat wordt opgelost voor verschil-
lende ontwerpstudies. Het ontwerpprobleem van de regelstrategie wordt gefor-
muleerd als een subprobleem met gebruikmaking van locale ontwerpvariabe-
len, bijvoorbeeld de vermogensstroom uit de batterij. Verschillende technieken
voor het oplossen van het ontwerpprobleem van de regelstrategie zijn onder-
zocht. Het probleem wordt oplost door gebruik te maken van Dynamisch Pro-
grammeren (DP). Gebaseerd op de resultaten van DP, is er een op heuristische
regels gebaseerde (Engels: ‘Rule-Based’ = RB) strategie afgeleid, waarbij een aan-
drijflijn kan worden bedreven in verschillende hybride rijtoestanden. De opti-
maliteit van de heuristische regelstrategie wordt significant verbeterd door dit te
combineren met Equivalente Consumptie Minimalisatie Strategie (ECMS). Deze
nieuwe gecombineerde methode, afgekort RB-ECMS, heeft een significant ko-
rtere rekentijd in vergelijking met DP en vereist optimalisatie van minder regels
in vergelijking tot andere heuristische methoden. Verder geeft de methode een
fysische interpretatie van de relatie tussen de gedefinieerde hybride rijtoestanden,
het brandstofbesparingspotentieel en het in stand houden van de energiebalans.
Daaraan toegevoegd is de regelstrategie ontkoppeld van specifieke hybride com-
ponenttechnologieën, keuze van componentgrootte of de topologie.

Het ontwerpprobleem van componenten is gerelateerd aan de keuze van
componenttechnologie en -grootte. Om het ontwerpprobleem van componen-
ten op te lossen is de mogelijkheid onderzocht of de rendementen als vereen-
voudigde parametrische fitfuncties kunnen worden beschreven. De fit coëfficiën-
ten of karakteristieke parameters worden bepaald door het fitten van lineaire of
kwadratische functies op de berekende in- en uitgaande vermogens voor elk com-
ponent. De werkpunten, die worden voorgeschreven door de rijcyclus, de voertu-
iglast en de regelstrategie bepalen de waarden van de karakteristieke parameters.

Een vereenvoudigd hybride aandrijflijnmodel, dat de belangrijkste compo-
nenten en de topologie beschrijft, wordt geïntroduceerd. Dit model wordt ge-
bruikt voor ontwerpanalyse van hybride aandrijflijnen, welke is ontkoppeld van
de keuze van specifieke componenten, hybride aandrijflijnconfiguraties en regel-
strategie. Een andere hybride aandrijflijnconfiguratie (series, parallel en series-
parallel) impliceert een andere transmissietechnologie. Het essentiële idee achter
het vereenvoudigd modelleren van de hybride aandrijflijn is, dat een andere
topologie, componenttechnologie of -grootte, slechts een andere set van karak-
teristieke parameters impliceert. Door gebruik te maken van vereenvoudigde
parametrische functies, in combinatie met de RB-ECMS, kan het effect van vari-
atie in karakteristieke parameters van de componenten op het brandstofverbruik
snel worden onderzocht.

In dit proefschrift wordt aangetoond dat de karakteristieke parameters, die het
rendement beschrijven, kunnen worden bepaald met voldoende nauwkeurigheid
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alleen afhankelijk van de rijcyclus en voertuiglast door het aannemen van
bepaalde voorkeuren in het kiezen van componentwerkpunten. De rende-
mentsmodellen en de incrementele brandstofkosten (c.q. besparingen), die
nodig zijn als input voor de RB-ECMS, kunnen snel worden gegeneerd voor ver-
schillende component groottes, technologieën en topologieën. Deze alternatieve
methode, in combinatie met de RB-ECMS, resulteert in een snelle ontwerpanal-
ysemethode voor het specificeren van een hybride aandrijfsysteem. Hierdoor
wordt de initieel grootte ontwerpruimte effectief verkleind en de complexiteit ver-
minderd. De methode brengt het ontwerpprobleem van de regelstrategie met
het ontwerpprobleem van de topologie en de componenten samen in een enkel
raamwerk. De afgeleide methode geeft inzichten in de basisprincipes, die het
brandstofverbruik bepalen en de richting van hoe het brandstofverbruik effectief
kan worden gereduceerd met minimale systeemspecificaties.
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