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Abstract 
This thesis work was performed at BAE Systems Hägglunds AB, a military vehicle manufacturer located in 

Örnsköldsvik, Sweden. BAE Systems Hägglunds AB are known for their armoured multi-role vehicles with 
extreme terrain taking capabilities. In recent years they have developed both wheeled and tracked vehicles with 
series diesel-electric powertrains. With these own-developed powertrains and the corresponding control system 
structure, individual control of each powertrain component is possible. The purpose of this thesis is to investigate 
how fuel consumption can be reduced, both by increasing the control complexity and the battery capacity. 

The fuel consumption investigations have been focused towards the six-wheeled SEP 6x6 platform. SEP 6x6 
has two diesel engines for power generation and six electric hub motors delivering traction power. Studies of 
controlling each hub motor pair and each engine individually for fuel consumption reduction have been carried 
out. The hub motor control study includes the possibility to disengage one or two hub motor pairs to increase the 
load on the others and thereby possibly reduce power loss. The study on individual engine control investigates 
the fuel savings potential of running the engines at different operating points. The effect on fuel consumption by 
increasing battery capacity has also been investigated by the use of driving cycles along with an optimal control 
algorithm.  

Results show that reduced fuel consumption can be obtained with individual control of the hub motor pairs. 
Individual engine control does not show the same fuel reducing potential. By investigating the relation between 
fuel consumption and battery capacity it was shown that as battery capacity grows larger, the winnings of each 
capacity increase get smaller. Each driving cycle has different inherent fuel reducing potential depending on the 
portion of negative power demand. The maximum battery charging power is proportional to battery capacity and 
plays a big role in how much of the braking power that can be taken advantage of by regenerative braking. 
Taking away one diesel engine and replacing it with batteries is possible for the investigated driving cycles as 
long as the battery can deliver somewhat over 100 kW.  
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Nomenclature 
 
AC – Alternating current 

ATV – All terrain vehicle 

BSFC – Brake specific fuel consumption 

CV90 – Combat vehicle 90 

CVT – Continuously variable transmission 

DC – Direct current 

DCB – DC-link connector box 

EM – Electric machine 

FMV – Swedish defence materiel administration 

GCB – Generator converter box 

HCB – Hub converter box 

HD-UDDS – Heavy duty urban dynamometer driving schedule 

HEV – Hybrid electric vehicle 

HHV – Higher heating value 

HM – Hub motor, electrical motor mounted in wheel hub 

HWFET – Highway fuel economy test 

ICE – Internal combustion engine 

LHV – Lower heating value 

No-load – Operating condition where no torque is delivered 

PC – Power converter 

PFF – The Program Board for Automotive Research 

PGS – Planetary gear set 

PMSM – Permanent magnet synchronous machine 

Power pack – Unit including diesel engine, generator, cooling system, and GCB 

QSS – Quasistatic 

Rotor – Rotating part in electrical machine 

SEP – Splitterskyddad enhetsplattform 

SEP 6x6 – The six wheeled SEP version with diesel-electric powertrain 

SEP 8x8 – The eight wheeled SEP version with diesel-mechanical powertrain 

SEP tracked – The tracked SEP version with diesel-electric powertrain 

Stator – Stationary part in electrical machine 

UDDS – Urban dynamometer driving cycle 
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1. Introduction 
This chapter provides thesis background and describes the purpose, aim and delimitations of the work. Lastly 

there is a section with an outline of the thesis, describing the steps that will be encountered going through this 
report.  

1.1. Background 
BAE Systems Hägglunds AB have developed a new military vehicle called SEP (splitterskyddad 

enhetsplattform). SEP incorporates a diesel-electrical powertrain, which means that the power from its diesel 
engines is transmitted to the wheels by electricity through cables, instead of mechanically by the use of drive 
shafts. This layout has a number of advantages over the purely mechanical powertrain; one being that it comes 
with a lot of new control possibilities. This thesis aims to investigate the benefits of different control alternatives 
to reduce fuel consumption. BAE Systems Hägglunds AB is a partner in the research and development  
cooperation project Green Car 2, further described in section 1.1.3, which has contributed with knowledge and 
guidance in this thesis work. 

1.1.1. BAE Systems Hägglunds AB 
BAE Systems is a global company engaged in the development of advanced defence, security and aerospace 

systems with subsidiary companies in Australia, Saudi Arabia, South Africa, Sweden, UK and the US. BAE 
Systems Hägglunds AB is one of these subsidiary companies located in Örnsköldsvik, Sweden. BAE Systems 
Hägglunds AB have a product portfolio consisting of armoured multi-role vehicles known for their extreme 
terrain taking capabilities. 

The company has a history ranging back to 1899 when Johan Hägglund founded the company Hägglunds & 
Söner. Over the years Hägglunds & Söner evolved from a carpentry company to an engineering company 
manufacturing products such as trams, welding equipment, airplanes and mining machinery. Today Hägglunds 
& Söner has been divided into three separate companies where BAE Systems Hägglunds AB is one of them, 
employing about 1100 people. BAE Systems Hägglunds AB will hereafter be referred to as Hägglunds. 

Hägglunds have two product families in series production today, the all terrain vehicle (ATV) family and the 
combat vehicle 90 (CV90) family. They also develop their own turret systems. The all terrain vehicles sport the 
lighter Bv206S sold in 462 units and the BvS10 with heavier armour and better load capacity sold in 203 units. 
Both of them are armoured amphibious tracked vehicles, seen below in Figure 1.1. Their un-armoured 
predecessor Bv206 has been sold in over 11,000 units to more than 40 countries worldwide.  

 

  
Figure 1.1: Hägglunds all terrain vehicles, Bv206S to the left and BvS10 to the right. 

The CV90 is a tracked infantry-fighting vehicle sold to six countries in more than 1,000 units, one of them is 
presented shown in Figure 1.2. The CV90 is available with various weapon systems and has been sold in 
numerous roles such as command and control vehicle, recovery vehicle and anti-aircraft defence vehicle. 
Common for all Hägglunds vehicles is that the customer has a say in what the vehicle must be capable of and 
development is directed by customer demands. The latest product family SEP, developed to be even more 
flexible in its configurations, is described into more detail in the next section. 
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Figure 1.2: CV90 with 35 mm Bushmaster III cannon. 

1.1.2. SEP 
The SEP vehicle family is Hägglunds latest development. The SEP programme started 1996 as a 

development study for the Swedish defence materiel administration (FMV). The first test vehicle rolled out in 
the year 2000. In 2006 Hägglunds got a follow-up development order of two tracked and two six wheeled 
vehicles in both troop transport and logistic configurations. These have been put together and are in a testing 
phase at the current time.  

The main idea behind SEP is modularity, having a common vehicle platform for all kinds of vehicle roles. By 
doing so, the need for spare parts and system knowledge is minimized. Roughly speaking, if you know how to 
repair one vehicle, you know how to repair all of them. The vehicle consists of three main parts: the bottom 
frame, the crew module and the role module, see Figure 1.3. The bottom frame houses the wheels or tracks and 
is the base on which the modules are attached. The crew module is attached in the front and is where driver and 
commander sit. The role module is attached behind the crew module.  

 
 

 
Figure 1.3: Main parts of the SEP vehicle.  

One of the main requirements from FMV was that SEP must be transportable in a Hercules C-130 airplane. 
This leads to increased space and weight considerations. To increase room in the centre of the vehicle, two 
smaller diesel engines are placed in the side compartments of the crew module instead of having one large 
engine in centre, as tradition. Available SEP powertrain configurations are both tracked and wheeled, all using 
the two diesel engine configuration for power generation. The vehicle base configurations and examples of role 
modules are presented in Figure 1.4.  

 
 

Role module 
Crew module 

Bottom frame 
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Figure 1.4: The three SEP base configurations at the top with examples of role modules below. 

The tracked (SEP tracked) and the six-wheeled (SEP 6x6) versions have an own developed electric 
transmission. Each diesel engine is connected to a generator. The generator converts the diesel engine’s kinetic 
energy to three phase alternating current (AC) which is rectified to direct current (DC). This direct current is then 
transmitted through high-voltage cables to loads in the vehicle. The current is converted back to three phase AC 
with controlled frequency and voltage before reaching the electric motors that propel the vehicle. For propelling 
the SEP 6x6 there sits an electrical motor in each wheel, a so-called hub motor (HM). All hub motors can be 
individually controlled. 

The eight-wheeled (SEP 8x8) version has a purely mechanical transmission. Both SEP 6x6 and SEP 8x8 
have traction on all wheels and are just as SEP tracked able to perform a pivot turn. The pivot turn means that the 
vehicle can turn about its own axle with a turn radius of 7 m. Combat weight ranges from 17.5 to 27 tonnes 
depending on configuration. 

1.1.3. Green Car 2 
Responsible for the Swedish research and development program Green Car 2 is The Program Board for 

Automotive Research (PFF). PFF was set up in 1994 in order to facilitate cooperation between the automotive 
industry and the relevant authorities. Green Car 2 is an extension of Green Car 1 and, as described in PFF’s 
information brochure [1], “aims to produce results which can contribute to the change-over to a sustainable form 
of road traffic and promote the ability of the Swedish automotive industry”. One of the means to do this is to 
connect university research with development operations within the automotive industry. Green Car 2 is funded 
by the Swedish state and the industrial partners.   

1.2. Purpose 
The purpose of this thesis is to investigate the gains of possible control implementations in the SEP diesel-

electric powertrain. The work in this thesis is focused on the SEP 6x6 powertrain. Below follows current control 
situation for SEP 6x6 and the three question formulations in which this thesis has its base.  

In today’s control one can roughly say that the two diesel engines are controlled with the same speed and 
torque reference as if it was one big engine. Could a control scheme controlling the diesel engines separate from 
each other, increase fuel efficiency by for example shutting one engine off when power demand is low? 

All six hub motors are engaged when driving. Efficiency of the electric motors can in general be said to 
increase when operated under heavier load. Is it possible to increase fuel efficiency by disengaging some of the 
hub motors when driving? 

The current electric powertrain has no electrical storage capacity, such as batteries, for the purpose of 
assisting the diesel engines in delivering power to the hub motors. Can the fuel efficiency be increased further by 
adding a certain amount of electrical storage capacity and how much? Just how much storage capacity is needed 
is interesting since it is expensive and since space and weight is limited in the vehicle. 
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The purpose of using optimal control theory is to find the theoretically optimal vehicle performance on a 
given driving cycle.  Fuel consumption, for example, depends on the powertrain configuration, the design and 
the sizing of the powertrain components and on the power-split control algorithm. The focus of this work is not 
to deliver optimal torque-split controller that could be used in real time, but rather to investigate the potential of 
the powertrain and to evaluate reasonable sizing of powertrain components, such as the internal combustion 
engine and the battery. 

1.3. Aim 
The project aim is to investigate how implementing individual control of the SEP 6x6 diesel engines and hub 

motors can reduce fuel consumption. Also to see how including electrical storage can decrease fuel consumption. 
As described by the questions in the Purpose section this translates to:  
 

• Investigate the effects of being able to vary the operating points of the diesel engines individually, 
for different power outtake to reduce fuel consumption. 

• Investigate the effects of being able to vary the number of engaged hub motors depending on power 
demand to reduce fuel consumption. 

• Investigate the fuel consumption improving potential of including electrical energy storage for 
vehicle propulsion in the powertrain. These studies are performed with driving cycles where the 
driving pattern is known in advance and will render power management strategies for these cases.   

 
The optimization studies are to utilize optimal control theory by implementing research from participants in  

Green Car 2.  

1.4. Delimitations 
The following delimitations for this thesis were set together with Hägglunds and supervisor at Chalmers 

University of Technology: 
 

• The simulations are directed at running on roads and thereby excluding running in terrain. When 
running in terrain fuel consumption minimization is not of as big interest, since power should 
instead be distributed for best terrain taking capability. 

• The study on including batteries does not investigate how the cost of the vehicle is affected. The 
cost is not a priority since these vehicles are not in series production and instead the focus is put on 
finding the fuel saving potential in building such a system.  

• The optimization studies do not include factors such as driveability (handling and braking) and 
comfort (oscillations and emitted sound).  

1.5. Outline of the thesis 
The thesis is outlined as follows: 
In chapter 2, theory is given about hybrid systems and their benefits. Brief information about different hybrid 

system topologies is given. Components used in these systems and their properties are described. 
Chapter 3 gives specifications of SEP 6x6, the vehicle to be studied. It also describes how the powertrain is 

controlled today. The potential benefits from individual control of engines and hub motors as well as from 
including electrical energy storage are described. 

Chapter 4 presents what driving cycles are used in simulations. Chapter 5 explains the vehicle modelling by 
presenting the vehicle equation of motion and by explaining how the powertrain is modelled. 

Chapter 6 presents what optimization criteria are used in the driving cycle simulations, utilizing a dynamic 
programming algorithm. 

Chapter 7 starts by showing the effects of different factors on the vehicle power demand. Then the respective 
investigations are described into more detail. 

Results are given in chapter 8 and discussion and conclusions in chapter 9. Chapter 10 contains the references 
given in the text. Chapter 11 is a list of the introduced variables. 
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2. Hybrid-electric propulsion systems 
The conventional propulsion system for road going vehicles consists of an internal combustion engine (ICE) 

converting chemical energy to kinetic energy. This kinetic energy is transmitted, via gear sets to the drive axle, 
propelling the vehicle. In hybrid-electrical vehicles (HEV) some part or all of the propelling force is supplied by 
an electric motor. Typical for a hybrid-electric system is the presence of an electrochemical or electrostatic 
energy storage system and at least one electric motor designated for vehicle propulsion. The word “hybrid” 
refers to the fact that the vehicle offers a mix of energy sources for propulsion power. This chapter is focused on 
giving an overview of hybrid-electric systems, their benefits and how they are composed.  

2.1. Benefits and drawbacks 
The size of a conventional vehicle’s ICE is set by performance demands, the main one being acceleration. 

Accelerating calls for much higher power output than driving at constant velocity. This means that for most of 
the time when you are driving at cruising speed, the ICE is oversized for its job. Adding the fact that ICE fuel 
efficiency tends to decrease when decreasing the engine load means that for most of the time, the ICE is not 
allowed to work at its optimum operating points. This is where the hybrid systems come into the picture. They 
allow for the ICE to be downsized and run in the high efficiency regions, using the battery to supply power 
during power demand peaks. The stored electrical energy can be used to propel the vehicle by the utilization of 
an electric machine (EM). 

Another energy saving possibility with hybrid systems is regenerative braking. For most electrical motors 
there is an option of reversing the energy flow. Mechanical work is put in and an electrical current is produced 
which is the working principle of a generator. Instead of dissipating the braking energy as heat losses in the 
friction brakes, the electric machines can be used to recuperate some of the kinetic energy into electrical energy 
that later can be re-used. 

Having a hybrid propulsion system opens up degrees of freedom in the control of how power is transmitted. 
For example, charging a battery and then shutting of the ICE is one such control scheme aimed to reduce fuel 
consumption. There are however other benefits for hybrid systems to be found more than just reducing fuel 
consumption. Electrical motors, unlike ICE’s, can deliver practically maximum torque from zero speed leading 
to increased acceleration performance.  

Another optimization criterion is to reduce toxic emissions. This can be done by actively controlling what 
load points the ICE is run at. The improvements from having a hybrid-electric vehicle can be summed, as 
described by L. Guzzella and A. Sciaretta in Vehicle Propulsion Systems [2], to be: 

 
1. Downsize the engine and still fulfil the maximum power requirements of the vehicle. 

2. Recover some energy during deceleration instead of dissipating it in friction braking. 

3. Optimize the energy distribution between the prime movers. 

4. Eliminate the idle fuel consumption by turning off the engine when no power is required (stop-and-go). 

5. Eliminate clutching losses by engaging the engine only when speeds match. 

Added to these points is also the fact that more freedom in vehicle layout and component packaging can be 
gained.  

The main drawback with a hybrid-electric propulsion system is increased production and development costs. 
There are some extra components compared to in a conventional vehicle. Increased number of components may 
lead to increased weight, which reduces the positive effects of hybridization. Hybridization also increases the 
system complexity.  

The HEVs can be found with different system topologies, from which three are most common. They are 
described in the following section. 

2.2. Topologies 
As previously mentioned HEVs have electrical energy storage for vehicle propulsion. The reason why they 

are not entirely run on battery is because of range considerations. Batteries or other available electrical storages 
have lesser energy density than hydrocarbon based fuels such as diesel or petrol. To get the same range out of a 
purely electrical vehicle as out of an ICE-based vehicle with full fuel tank, the vehicle would become very heavy 
and recharge time would be much longer than filling up at a gas station. 
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2.2.1. Series hybrid 
A series hybrid, see Figure 2.1, has no mechanical connection between ICE and the wheels. The ICE delivers 

kinetic energy to a generator. The generator converts kinetic energy to electricity and is passed on to the battery 
and the electric motors via a power converter (PC). Since there is no mechanical connection between ICE and 
the wheels there is no need for a clutch and the engine can be run at its optimal operating points independent of 
vehicle speed. Regenerative braking is also possible in a series hybrid.  

 

 
Figure 2.1: Schematic series hybrid component layout. 

The series hybrid calls for electric motors with high power output since they must be sized for the vehicle’s 
maximum power requirement. The same can also be applied to the generator depending on the energy storage 
capacity.  

2.2.2. Parallel hybrid 
In parallel HEVs the ICE and the electric motor can supply the traction power either alone or in combination. 

The powertrain layout is depicted in Figure 2.2 where both engine and electric machine is coupled mechanically, 
in parallel to the driveshaft. This setup requires a clutch since the engine is coupled via a transmission to the 
wheels, and usually a planetary gear set (PGS) to combine the power from the ICE and the EM. The electric 
machine can assist the engine when accelerating and therefore both machines can be sized to deliver the 
maximum power demand when run together. The electric motor can be used as a generator, being fed by the 
engine or by regenerative braking. It cannot however generate electric power when in motoring mode. One 
special case of parallel hybrids is the so-called mild hybrid. It utilizes a small electric motor, typically linked to 
the engine by chain or by belt, mostly adding tractive power during stop-and-go operation. The mild HEV 
usually do not have clutch between ICE and EM so they always rotate together. Because of the electric motor’s 
relatively limited output power; it does not require high battery capacity or complex power electronics. 

 

 
Figure 2.2: Schematic parallel hybrid component layout.  

2.2.3. Combined hybrids 
The combined hybrid is a sort of combination of the series and the parallel hybrid. The combined hybrid is 

also known as complex, power split or dual hybrid. Specific for the combined hybrid is that it has two distinct 
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electric machines. As in a parallel hybrid configuration, one is used for traction power or for regenerative 
braking. The other acts like a generator in a series hybrid system. It is used to charge the battery via the engine or 
for the stop-and-go operation.  

A common setup is that the two electric machines and the engine are connected through a planetary gear set 
and together make up a continuously variable transmission (CVT), see Figure 2.3. The CVT is controlled to keep 
the engine working in its optimal speed span. There are many possible combinations of combined hybrids and by 
using reduction gears, CVT, clutches or different number of motors the possible number of combinations grows 
rapidly.  

 
 
 

 
Figure 2.3: Example of combined hybrid layout. 

2.3. System components 
The efficiency in a HEV is not only depending on the efficiency of the ICE but also on the electrical 

machines, batteries and power electronics. All the system components characteristics are therefore interesting 
when striving to find optimal performance. Efficiency, , is a measure of amount of useful work , that is 

retrieved from an amount of input work . The relation is described with 
 

. (2.1) 

2.3.1. Internal combustion engines 
The prime energy source in a HEV is normally a reciprocating-piston engine, either a petrol engine (Otto) or 

a diesel engine. An ordinary Otto engine has a maximum efficiency of around 33% while the efficiency of a 
diesel engine is approximately 42% [3]. A common way to measure efficiency of an engine is to measure its 
brake specific fuel consumption ( ), which is a measure of how much fuel mass , is needed for a 

certain amount of mechanical work   
 

. (2.2) 

 
During engine testing, the engine is run at constant operating points, i.e. constant angular velocity  and 

torque , and the fuel mass flow  is measured. The fuel mass flow is a common property to minimize 
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during fuel consumption optimization. It is also useful to integrate during simulations to get the consumed fuel 
mass . The mechanical power delivered by a rotating shaft is a function of torque and angular velocity.  

 
 (2.3) 

 
The potential heat energy of a fuel can be written as 
 

, (2.4) 
 

where  is  the heat of combustion. By combining equation (2.1), (2.2) and (2.4) the ICE efficiency can be 
written as 

 

. (2.5) 

 
Heat of combustion is fuel specific and tells how much energy per mass unit is released when burning that 

fuel. The engine’s optimal operating points out of an energy perspective are where efficiency is at its highest or 
implicitly where BSFC is at its lowest. An example of an efficiency map for an ICE is shown in Figure 2.4. Also 
shown in the figure is the engine maximum torque curve and constant power lines. It is not possible to operate 
the engine above the maximum load curve. The constant power curves tell what combinations of speed and 
torque that will produce that specific power. 
 
 

 

 

Figure 2.4: ICE efficiency contour plot with maximum torque curve and constant power curves,  
efficiency in percent. 

There are two common measures for  based on two different measuring techniques. These are called the 
lower heating value (LHV) and the higher heating value (HHV). As described by Ulf Bossel from the European 
Fuel Cell Forum [4], the HHV is a physically correct measure unlike LHV. Using LHV can give misleading 
results when comparing energy converters running on different fuels. Values for LHV and HHV are presented in 
Table 2.1. 

Table 2.1: Heating values for average gas station petrol and diesel. 

 HHV [MJ/kg] LHV [MJ/kg] 
Petrol 46.7 42.5 
Diesel 45.9 43.0 

 

Maximum torque curve 

Speed 

Torque Constant power curves 
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Something that is not captured in the ICE efficiency map is the engine’s dynamic behaviour. During the 
phases when power outtake is increased emissions tend to increase dramatically.  

 

2.3.2. Electrical machines 
The basic principle for an electric generator is that it converts kinetic energy into electrical energy and an 

electrical motor does the opposite. Usually the same machine can be used both as generator and motor. The exact 
internal work of electric machines will not be explained, but some important relations between torque, electrical 
current and voltage will be described.  

The magnetic force  acting on an electric conductor is a function of conductor length , electric current 

 and magnetic field density  (magnetic flux). If the conductor and the magnetic field are perpendicular, 
which electric machines are designed to fulfil, the magnetic force can be written as: 

 
. (2.6) 

 
In an electrical machine the magnetic force acts at the air gap radius , between the stationary part 

(stator) and the rotating part (rotor), see Figure 2.5.  
 

 
Figure 2.5: Cross section of a schematic electrical machine with part notations. 

The resulting torque can therefore be written as 
 

. (2.7) 
 
This leads to the realization that delivered torque in the electrical machines is proportional to the electrical 

current. Increased current means increased torque. The output power can by combining equation (2.3) and 
(2.7) written as: 
 

. (2.8) 
 
Another electrical equality is that power is the product of voltage and current : 

 
. (2.9) 

 
Combining equation (2.8) and (2.9) and taking the voltage out of the expression gives that the voltage is 

proportional to the product of magnetic flux and rotational speed. 
      

. (2.10) 
 
Electrical machines can be divided into different categories depending on their physical layout and function 

principle. As described by Sture Eriksson in his doctoral thesis Electrical Machine Development [5], the 
development for vehicular applications, during the last 10 – 20 years, has been focused on AC machines 
including so called brushless DC motors. The majority of electrical motors used in vehicles developed today are 
brushless DC motors also known as permanent magnet synchronous machines (PMSM). The main advantage of 

Speed Stator 

Rotor 

Air gap 
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PMSMs for vehicle applications is that they have superior torque and power density and high efficiency. Typical 
performance curves for an electrical machine are presented in Figure 2.6. 

 

Figure 2.6: Characteristic maximum torque and power curves vs. speed for an electrical machine. 

In the low speed area the maximum torque is limited only by the maximum allowed current through the 
electric circuits. The maximum current is constant in that area and as a result, the maximum torque will be 
constant as well. As speed increases so does the voltage and reaching base speed the electrical system’s 
maximum voltage/power is reached. To move beyond base speed without exceeding system maximum power, 
the magnetic flux is reduced linearly with increasing speed. This is called field weakening and is achieved by 
changing the phase angle of the electric current. By examining equation (2.8) it is evident that since speed 
increases and magnetic flux is decreased linearly, the maximum output power will be constant in the field 
weakened area.  

A contour efficiency plot for the PMSM found in the 2007 model of Toyota Camry is displayed in Figure 
2.7. This contour plot is compiled from measurements on the motor performed at the Oak Ridge National 
Laboratory [6]. The best efficiency is for most of the speed interval found close to the maximum torque curve.  
 

 
Figure 2.7: Contour efficiency plot for 2007 Toyota Camry drive motor [6]. 

Spinning a motor with permanent magnets will automatically generate electricity. Therefore if a motor is to 
roll along without delivering any torque it has to be field weakened. This field weakening current costs electric 
power. Running under this condition, with no produced traction or braking power, is called running at no-load. 

Maximum torque 

Maximum power 

Base speed Top speed 

Torque/Power 
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2.3.3. Power converters 
Electrical current is the driving factor of cable thickness. High currents mean bulky cables that are heavy and 

troublesome to bend. Hence, to transmit the electric power on the vehicle’s DC link without using thick bulky 
cables the current magnitude has to be reduced. To transmit equivalent power, this can be achieved by instead 
increasing the voltage level. Voltage is transformed by power converters, first switching from AC to DC 
(rectifying) and then from DC to AC (inverting). The power converter between the DC link and the traction 
motors is commonly called an inverter even though it also can operate as a rectifier during regenerative braking. 
Efficiency of power converters is relatively high for a large portion of the output power spectrum. An example of 
a power converter efficiency map is presented in Figure 2.8, showing the Toyota Prius inverter efficiency. The 
operating points in the figure correspond to the speed and torque of the Toyota Prius traction motor.  

 

 
Figure 2.8: Contour efficiency map for the 2004 Toyota Prius inverter [6]. 

2.3.4. Electrical storages  
There are two main categories when choosing electrical storage type, batteries and super capacitors. Batteries 

store electrical energy in a chemical state while super capacitors store it in an electrostatic field. As shown in the 
Ragone plot in Figure 2.9 batteries can store large amounts of energy while super capacitors can deliver a high 
amount of power. The sloping lines in the Ragone plot indicate the relative time to get all of the charge capacity 
in or out of the device.  

 

 
Figure 2.9: Ragone plot for different energy storage technologies [7]. 

The main characteristics of a battery are its nominal voltage  and its storage capacity . Battery 
storage capacity is normally expressed in ampere-hours (Ah) or kilowatt-hours (kWh). Increasing the number of 
cells in series increases the battery voltage and connecting cells in parallel increases the capacity. The state of 
charge ( ), is a non-dimensional measure of how much of the battery capacity is available.  

 



- 12 - 

, (2.11) 

 
where  is the electric charge in the battery for the moment. C-rate is a measure commonly used to describe the 
charge or discharge current and is related to the battery capacity as 
 

, , (2.12) 

 
where  is the current that discharges the battery in one hour, which has the same numerical value as the 

battery capacity .  is the terminal current. So a current of 1C discharges the battery in one hour and a 
current of 2C in half an hour. The rate of change of depends on the terminal current as 

 

€ 

s ˙ o c = −
I

Q0
. (2.13) 

 
The lifetime of a battery is very much depending on battery type and its operating conditions such as 

temperature,  limits and discharge current. High current levels and deep discharge dramatically decreases 
the battery lifetime.  

Super capacitors are also known as ultra capacitors or electric double layer capacitors. Super capacitors can 
endure a large amount of operation cycles with high power outtake with little or no degradation over time. This 
also means that the super capacitors can be charged very quickly. As seen in Figure 2.9 super capacitors have 
very low energy density and are fully discharged within seconds. These devices are possible to use for 
regenerative braking, acceleration support and so on, but also as a load-levelling power to electrochemical 
batteries since battery power is more limited. This last alternative would make it possible to downsize the battery 
pack when dealing with short lasting power bursts.  

Just as in the case with batteries equation (2.11) and (2.13) are valid. The terminal voltage is directly 
proportional to the state of charge for a capacitor. Because of the linear discharge voltage characteristic, all 
available energy might not be possible to use in some applications due to the resulting low voltage level.  
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3. Study object 
Depending on vehicle configuration there are varying degrees of freedom in the power-flow control. The 

physical setup of SEP 6x6 and the power pack control of today are described here. The potential fuel saving 
measures are also described.  

3.1. SEP 6x6 architecture 
SEP 6x6 is a six-wheeled vehicle where each wheel is fitted with a PMSM hub motor for vehicle propulsion. 

The electrical motor is built into the hub housing with a synchronized two-speed gearbox with neutral gear 
between it and the wheel. Peak power for each hub motor is 90 kW and rated operation power is 45 kW. A 
schematic diagram of the powertrain with its components is presented in Figure 3.1.  

As previously described, the vehicle is powered by two diesel engines, one on each side of the crew module. 
Each diesel engine is directly connected to a generator, converting kinetic energy to electrical energy in the form 
of 3-phase alternating current. The AC is then rectified in the generator converter box (GCB) to high voltage 
direct current. This current is distributed to various loads in the vehicle via high voltage cables. A powerpack is 
the notation at Hägglunds for the combination of cooling system, diesel engine, generator and GCB. Each diesel 
engine has the capacity to deliver 200 kW and the generators have been designed to work in the engine’s entire 
operating span. The generator load sets the engine torque. 

 
Figure 3.1: Schematic diagram of SEP 6x6 powertrain configuration. 

The DC link connector box (DCB) distributes the current on to the hub converter boxes (HCB). In the hub 
converter boxes DC is inverted back to 3-phase AC with controlled frequency and voltage, powering the 
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electrical motors. Each hub motor can be controlled independent of the others. A crucial component in the 
powertrain is the control computer, traction management unit (TMU), which outputs control data and takes drive 
data input from the system. 

The hub motors can be used for both traction and braking in both forward and reverse direction. This enables 
regenerative braking. SEP 6x6 has the layout of a series hybrid but has currently no energy storage capable of 
powering the hub motors. Because of this, it cannot be said to be a series hybrid in the typical sense, but many of 
the advantages of a series hybrid are still available. Since there is no mechanical coupling between the diesel 
engines and the wheels, the engines can be operated at high power from start and the hub motors at full torque.  

By having two diesel engines and shutting one off, it is possible to vary the load on the diesel engines to find 
better operating points. One of the main reasons at Hägglunds for having two diesel engines is redundancy, if 
one engine were to break down, it would still be possible to return to base. In turn, having an electrical 
powertrain makes it easier to freely place these two engines in the side compartments. The control schemes that 
are used today are described in the next section. 

3.2. Implemented control 
There are many potential add-on functions in Hägglunds diesel-electric powertrain. The system is built fully 

prepared for individual control of the diesel engines and hub motors. The control of diesel engines and hub 
motors takes performance such as engine response and maintaining energy balance into consideration. The diesel 
engines are today controlled with the same speed and torque demand. The same goes for all the hub motors. 
Over time, when new control schemes are developed, it is only a matter of uploading them into the vehicle 
computer. 

3.3. Control potential and related problems 
By looking into more advanced control schemes for power distribution between engines and hub motors, 

there is potential for fuel savings. However, consideration has to be taken to how these control schemes affect 
vehicle performance.  

3.3.1. ICE control 
The control investigation for the diesel engines will be directed at finding out how fuel consumption can be 

reduced by controlling the engines individually. Individual control means allowing operating the engines at 
different operating points from each other, or even having one engine shut off. To ensure that the control 
optimization gives feasible results it is important to consider the engine’s dynamic response. If only optimizing 
towards operating points with the best static efficiency, the optimization controller might demand changes in 
operating points impossible for the engines to fulfil. Static power demand comparison is described in section 7.3 
and the results in section 8.1. The comparison between the ICE alternatives is taken further in the energy storage 
study in section 7.4.2 and the results are presented in section 8.2.2. 

3.3.2. Hub motor control 
The investigations on hub motor control aim to find out, if and how increasing the hub motor load can save 

power. In Figure 2.7 it is evident that efficiency can be increased for electric motors when increasing the load, 
especially for higher speeds. To increase the load on some motors while still delivering the desired traction 
power, other motors would have to be mechanically disengaged or rolling along under no-load condition. Out of 
symmetry consideration the possible hub motor combinations are running on two, four or six motors, also 
denoted as one, two or three axles.  

When running at a decreased number of motors the maximum traction power that can be delivered is also 
decreased. Depending on power demand the number of active motors might have to be changed. If the un-active 
motors are no-loading they could be engaged practically instantaneous. Running at no-load condition will 
however cost energy so it will have to be taken into consideration. Another option is to disengage the motors 
mechanically since the hub unit has a neutral gear. When engaging a disengaged motor there is a delay from 
synchronizing its speed to road speed and the short time it takes for the clutch to lock. To investigate the possible 
gains of hub motor optimization and its feasibility, a case study was performed which is described in section 7.2 
with results presented in section 8.2.1.  

3.3.3. Electrical energy storage inclusion 
By including electrical energy storage in the powertrain, positive effects of hybridization will be available, 

such as increased possibilities for ICE operating point optimization. An electro-chemical battery will be 
modelled for this purpose. The investigation aim to see how the amount of batteries affects fuel saving potential 
for different driving cycles. By having increased battery pack capacity, the possible battery current is increased. 
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Besides the obvious pros of having a bigger storage capacity is that the maximum allowed power supplied during 
traction, or absorbed during regenerative braking, is increased.  
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4. Driving cycles 
To evaluate vehicle performance, using different system setups, one has to first of all have a known power 

demand. With the powertrain components modelled, the power demand is possible to calculate by knowing the 
reference variables  consisting of demanded vehicle speed  and road inclination . Driving cycles contain 
just that information, often simulating different driving conditions such as driving on the highway or in the city. 
The reference variable vector  for the system is hence described as 

 

.  (4.1) 

 
The driving pattern of a military vehicle can vary a lot depending on the mission objective. When on a 

mission of just travelling from one location to another, vehicles often travel in convoy, rendering a speed profile 
with small speed variations. This could be modelled by using a highway cycle. Other interesting driving patterns 
are urban driving patterns with many stops and low speeds or sub-urban patterns with somewhat higher speeds 
and fewer stops. The data for the driving cycles used, was gathered from DieselNet [12], an online information 
service on clean diesel engines and diesel emissions. 

The sample time , for all the driving cycles is 1 s. For the used driving cycles, the calculated 
acceleration got very high because of steep speed variations in between time steps. For that reason the driving 
cycles are low pass filtered by recalculating the speed at every instant with a moving average, taking the mean of 
the values from  to . This gave basically a speed profile looking the same but with less extreme 
acceleration values.  

4.1. HWFET 
The highway fuel economy test (HWFET) cycle  was developed by the US environmental protection agency 

(EPA) for determination of fuel economy of light vehicles. Its speed profile is shown in Figure 4.1. This driving 
cycle could be used to simulate driving in convoy.  

 

 
Figure 4.1: Speed profile of HWFET driving cycle. 

Basic driving cycle data for HD-UDDS are: 

• Top speed: 96 km/h 

• Average speed: 78 km/h 

• Distance: 16.5 km 

• Duration: 13 min (765 s) 

4.2.  HD-UDDS 
The EPA urban dynamometer driving schedule (UDDS) has been developed for chassis dynamometer testing 

of heavy-duty vehicles. The speed profile is presented in Figure 4.2. This cycle has many and big speed 
variations. This is a driving cycle with a lot of regenerative braking potential. 
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Figure 4.2: Speed profile of HD-UDDS driving cycle.  

 
Basic driving cycle data for HD-UDDS are: 

• Top speed: 93 km/h 

• Average speed: 30 km/h 

• Distance: 8.9 km 

• Duration: 18 min (1060 s) 
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5. Vehicle modelling 
Because of the cost and time burden, optimization is not performed on the actual vehicle, but rather on a 

model. In order to correlate driving conditions to power demand, the vehicle energy losses have to be modelled. 
To optimize the use of powerpacks and hub motors, efficiency of the powertrain components has to be known 
which calls for making component performance maps. Given a driving cycle and knowing the powertrain 
efficiency, fuel consumption can be computed for different system setups.  

In this chapter the equation of motion is described, which is used to calculate vehicle traction power demand 
from the riving cycle. Also the modelling approach and the vehicle model is presented, which correlates power 
demand at the wheels to power supply from engines and batteries.   

5.1. Equation of motion and energy losses 
An equation of motion is used to describe the behaviour of a dynamic system. A dynamic system has states 

that vary over time. By knowing the properties of the system and its previous states and all its inputs, the future 
response is possible to calculate. A road-going vehicle is such a system where its position varies over time. The 
first step in finding the equation of motion is to construct a free body diagram, finding all the forces acting on the 
vehicle. Newton’s second law of motion states that the sum of all forces is equal to the time derivate of the 
system’s momentum 
 

 (5.1) 

 
with  being velocity and  being mass. If the mass of the vehicle is regarded as constant over time, the sum of 
all forces acting on the vehicle is equal to the product of the acceleration  and the mass. In this case the vehicle 
mass outweighs fuel mass by far, which makes it a valid approximation to use calculations with constant mass. 

The forces acting on the vehicle and geometric measurements are depicted in the free-body diagram 
presented in Figure 5.1. The forces are aerodynamic friction force , rolling resistance force ,  is the 

longitudinal force component caused by gravity when driving on non-horizontal roads,  is the normal force 

from the road, and  is the traction force generated by the hub motors.  summarizes all eventual disturbance 
forces and not yet specified effects such as friction braking.  

 
 

 
Figure 5.1: Free-body diagram with velocity and geometrical properties noted. 

Summing forces in velocity direction gives the following equation of motion with  being vehicle mass. 
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. (5.2) 

 
The aerodynamic drag acting on a vehicle in motion is caused by viscous friction of the surrounding air 

on the vehicle surface, and by pressure differences between the front and the rear surface of the vehicle. The 
aerodynamic drag force can be calculated as described in Bosch Automotive Handbook [8] as. 
 

, (5.3) 

 
where  is density of the ambient air, is the drag coefficient,  the projected frontal area,  the vehicle 

road speed and  the head wind speed. The drag coefficient  can be determined empirically or estimated 
using computational fluid dynamics. The head wind speed will however not be defined in any of the driving 
cycles used in simulations is therefore taken out of the expression. 

The rolling resistance is the product of deformation processes, which occur at the contact patch between tire 
and road surface. Rolling resistance force is proportional to the normal force  and can be modelled with the 
following equation:  

 
 (5.4) 

 
where  is the rolling resistance coefficient and  is the acceleration of gravity. The calculations will use 

equal to 9.82 m/s2. The rolling resistance coefficient depends on many factors. Driving conditions such as 

increased tire loads, higher speeds and decreased tire pressure results in an increased . At a critical tire speed, 

 increases dramatically, but for moderate speeds the velocity influence is small. The rolling resistance force is 
only active when the vehicle is moving and will be modelled as a constant value.  

When driving up or downhill a portion of the vehicle’s gravitational force acts in the longitudinal direction. 
With the force and angle directions shown in Figure 5.1, this force is simply described as 
 

. (5.5) 

5.1.1. Inertial forces 
The translational inertia of the vehicle, its mass , is included in the left term in equation (5.2). There are 

however also rotating masses in the vehicle that adds to the inertia in longitudinal direction. A convenient way to 
include this in the model is to add the effect of these rotating masses to  by considering their contribution as 
d’Alembert forces. The d’Alembert force is the fictitious force slowing up the response of a system and derived 
from just considering the left term in equation (5.2) as an actual force.  

 The torque needed to accelerate a rotating body is equal to its rotational inertia multiplied with its angular 
acceleration. The torque needed to accelerate a wheel  is therefore equal to  
 

€ 

τw t( ) = Jw ˙ ̇ θ w t( ), (5.6) 
 

where  is the wheels rotational inertia and 

€ 

˙ ̇ θ w  its angular acceleration. This torque adds an additional inertia 
force  to the vehicle and is related to translational direction by the wheel radius  
 

.  (5.7) 
 
The following equation relates the angular acceleration of the wheel 

€ 

˙ ̇ θ w  to the vehicle translational 
acceleration   
 

€ 

a t( ) = r ˙ ̇ θ w t( ) , (5.8) 
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where the approximation has been made that there is no slip between wheel and road surface. The wheel 
contribution to translational inertia is, by combining equations (5.6)-(5.8), then  
 

. (5.9) 

 
Consequently, the contribution of a wheel to the overall translational inertia is given by the term 

 

.  (5.10) 

 
where  is not a real mass but the equivalent dynamic mass contribution due to wheel inertia. Next is to find 
the equivalent dynamic mass added by the rotational inertia of a hub motor. The angle of rotation  and torque 

 of the hub motor is related to the wheels angle of rotation  and torque  by the hub gear ratio .  
 

, (5.11) 

. (5.12) 
 
By combining equation (5.8) and (5.11) the inertia torque of the hub motor can be written as 

 

€ 

τm t( ) = Jm ⋅ ˙ ̇ θ m t( ) = Jm ⋅ i⋅ ˙ ̇ θ w t( ) = Jm ⋅ i⋅
a t( )
r

. (5.13) 

 
The fictitious inertia force  acting on the vehicle due to hub motor acceleration is then 
 

,  (5.14) 

 
which gives that the hub motor’s equivalent inertia mass contribution  is 
 

. (5.15) 

 
The inertia of the hub gear parts between wheel and hub motor should also be considered. The parts rotating 

with the speed of the hub motor, adds to the hub motor inertia , and similarly the parts rotating with wheel 
speed adds to inertia . Finally the equation of motion, equation (5.2), can be rewritten, taking these equivalent 
masses into account into the vehicle total dynamic mass , as 
 

,  (5.16) 
 

where 
 

. (5.17) 
 
The number six in equation (5.17) is the number of wheels and  is the number of hub motors 

mechanically engaged to the wheels. With vehicle specific inertias, wheel radius and gear ratios put into 
equation (5.10) and (5.15) are calculated to be 

 
149 kg, 
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50 kg, 

 
97 kg. 

 
Every axle that is engaged from neutral gear to high gear will therefore merely add 198 kg to the vehicle 

weight of about 18,000 kg. The effect of  is therefore disregarded which makes it possible to calculate the 
vehicle mass during the driving cycle in advance, without having to take consideration to the number of hub 
motors engaged. The total dynamic mass of the vehicle is rewritten as 
 

. (5.18) 
 

By knowing the vehicle’s equation of motion and being able to model the resistances on the vehicle it is 
possible to calculate the traction power demand at the wheels. The next section explains the differences between 
forward and backward simulation and what is used in these simulations. 

5.2. Forward vs. backward simulation 
There are different ways of modelling and simulating a dynamic system. Roughly there is the faster and less 

computationally heavy backward simulation approach and the more real like forward simulation approach. 
The dynamic forward approach is based on a “correct” mathematical description of the system. Usually the 

powertrain is formulated using sets of ordinary differential equations in the state-space form. This state space 
formulation may be used to describe many dynamic effects in the powertrain such as the influence of operating 
temperature. Some of these effects are relevant for estimating the fuel consumption while others are not. Many 
optimization problems can only be solved by using the forward simulation method, such as simulating feedback 
control systems. A system modelled with the forward method is controlled with the same control signals as in the 
real powertrain. Accordingly, a model that emulates the behaviour of the driver has to be included in these 
simulations.  

The main drawback of using the forward simulation approach and the associated analysis is the relatively 
high computational burden. It is also harder to build correct models giving correct dynamic response. 

In backward simulation models the system is described in a similar manner. Opposite to the forward 
simulation model where feedback signals can be used, here the driving cycle profile must be exactly followed 
and the power demand is calculated directly from it. In the book Vehicle Propulsion Systems [2] it is stated that 
the backward simulation method is well suited to the minimization of the fuel consumption of complex 
powertrain structures, since regarding fuel consumption, contribution from transients are low. Despite its 
capabilities, the numerical effort remains relatively low.  

Backward simulation is used in the following driving cycle based simulations in combination with an optimal 
control algorithm. Optimal control theory is implemented to find the minimum fuel consumption of each driving 
cycle and system setup. The modelling of the vehicle components are described in next section. 

5.3. Powertrain efficiency 
The power that has to be delivered from the engines, or possibly the batteries, is greater than the traction 

power  at the wheels. The reason for this is that power is lost along the way in energy conversions from 
chemical to mechanical energy, from mechanical to electrical energy, and then back from electrical to 
mechanical energy at the wheels. The product of the traction force  and the road speed  tells how much 

traction power  that is consumed at the wheels.  
 

 (5.19) 
 
Efficiencies of the energy conversions along the way, going backward through the powertrain, will render the 

power flow on the DC-link. To get the total powertrain efficiency all efficiencies are multiplied with each other. 
See Figure 5.2 for a description of the power transformation through the vehicle for the case when all power is 
delivered by the ICEs. Components with multiple instances in the powertrain are lumped in the figure into one. 
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Figure 5.2: Power distribution from fuel tank to wheels.  

As an example the fuel power  needed if all power is delivered from the diesel engines is given by 
 

 (5.20) 

 
Sometimes it is more suitable to model the power loss of a component without using the efficiency relation 

but instead using the power loss of the component directly. An example of that are the hub gears where the 
power loss does not depend on transferred power entirely but also on wheel speed. The power loss of the hub 
gear box  is then included in the chain as displayed in equation (5.21) below. 
 

 (5.21) 

 
The component properties for SEP 6x6 to be used in simulations are described in the following sub-sections. 

The exact performance maps are not presented out of confidentiality reasons. 

5.3.1. Power pack fuel flow map 
At Hägglunds, fuel flow maps were available for the diesel engines to be evaluated. These maps are based on 

static operating point measurements. The ICE fuel flow is given for output torque and speed. Also available was 
a generator efficiency map . The generator efficiency is constant for most of the working range and 
therefore set as a constant value. 

5.3.2. Hub motor power loss map 
A hub motor efficiency map was supplied by the EM manufacturer. In the map, efficiency is plotted versus 

output torque  and output speed . In Figure 5.3 the power flow through the hub motor when in traction 
mode is shown. The motor data was only supplied for the first quadrant, i.e. in forward motoring mode where 
both torque  and speed  is positive.  

GCB HCB 
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Figure 5.3: Power flow through hub motor in forward motoring mode (electrical to mechanical power). 

The power loss  at each operating point in the motor map can be calculated by taking the difference 
between input and output power.  
 

 (5.22) 

 
Measurement data for power loss when the motor is no-loading, rotating with zero output torque,  was 

also available. These data was fitted into the hub motor power loss map and by doing so adjusting the power loss 
in the maps low torque region.  

If the hub motor instead acts as a generator, in vehicle forward motion,  will be negative. To get data for 
forward generator operation an approximation is made that power loss is equal to when in forward motoring 
mode.  
 

. (5.23) 
 
Support for this approximation is found in a study on the subject regeneration of power in HEV [9] where 

simulation results show that efficiencies for electrical machines in sizes of 10 and 75 kW varies little between 
motor and generator mode. Both PMSMs and induction machines were studied and the above-mentioned 
conclusion was especially true for the PMSMs, the motor type used in SEP 6x6.  

There are two torque limitation curves in the hub motor map, one for rated power  and 

one for peak power . Operating between rated and peak power limit is possible for a short 
period of time without overheating while it is possible to continuously operate under the rated power curve. See 
Figure 5.4 for depiction of rated and peak power limit curves.  
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Figure 5.4: Exemplification of peak and rated power limitation curves for an EM. 

5.3.3. Hub gear power loss 
Losses in a gearbox depend on many factors such as temperature, speed, load and so on. An approximation of 

the power loss can be made by dividing it into two parts. One part depends on the mechanical power going into 
the gearbox and another part consists of rotational losses , depending on rotational speed. The input and 
output variables for the gearbox are displayed in Figure 5.5. The power loss proportional to input power depends 
on the gearbox efficiency coefficient . 

 

 
Figure 5.5: Power flow variables for hub gear box. 

The power loss equations for the gear box are 
 

 (5.24) 

 
Measurement data for  was available at Hägglunds for various wheel speeds to which a second-degree 

polynomial was fitted. No clutch losses are regarded since the hub motor synchronizes its speed with road speed 
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before engaging the clutch. Clutch losses mainly arise when engaging two rotors with different speeds. The 
energy of speeding up the motors is not considered in simulations. 

5.3.4. Battery model 
The battery is modelled by an ideal open-circuit voltage source in series with an internal resistance, see 

Figure 5.6. For a more thorough explanation of this battery model see [2]. The open-circuit voltage  
represents the equilibrium potential of the battery and is a function of . The internal resistance  is also 
modelled as a function of . This is a simplification since the battery current may also affect the internal 
resistance.  is the terminal voltage, i.e. the battery load voltage. In the upcoming simulations 

€ 

s ˙ o c  must be 
possible to calculate for every time step, with  and battery power demand  as input. 
 

 
Figure 5.6. Equivalent electrical circuit used to model the battery [2]. 

The following expression for the terminal voltage is  
 

 

 

(5.25) 

 
as derived in [2], where  is the delivered battery power. The delivered battery power is the product of 
terminal voltage and current 
 

. (5.26) 
 
By combining equation (5.25), (5.26) and inserting in equation (2.13), gives  as a function of open-

circuit voltage, battery power, battery capacity and internal resistance 
 

€ 

s ˙ o c = −
Pbat

Q0 ⋅U2
= −

2⋅ Pbat

Q0
⋅

1
Uoc soc( ) ± Uoc

2 soc( ) − 4⋅ Pbat ⋅ Ri soc( )
. (5.27) 

 
Values for the open-circuit voltage and internal resistance must be found for use in simulations. For this 

purpose a battery cell is chosen. A Lithium-ion polymer cell, manufactured by Kokam Co., with high power and 
energy to weight ratio is modelled. The discharge characteristic of this cell is shown in Figure 5.7. From this 
figure the voltage  is found for corresponding  and discharge current levels, . Battery cell 
specifications given by Kokam Co. [10] are presented in Table 5.1. 
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Figure 5.7: Kokam Li-Ion polymer cell discharge characteristic [10]. 

Table 5.1: Battery specification for investigated Kokam Ultra high power cell. 

Serial model number SLPB 45205130P 
Capacity [Ah] 7.2 
Nominal voltage [V] 3.7 

Pulse current [C-rate] 20 
Continuous current [C-
rate] 

5 
Discharge condition 

Cut-off voltage [V] 2.7 
Charge condition Continuous current [C-

rate] 
3 

Thickness [mm] 4.5 
Width [mm] 206 

Dimensions 

Height [mm] 130 
Weight [g] 226 

Energy density [Wh/kg] 118 

Power density [W/kg] 2600 

 
Maximum and minimum battery power is set to the allowed continuous charge/discharge current. The 

discharge voltage curve corresponding to the smallest measured discharge current level 0.33C, in Figure 5.7, is 
used as the cells open-circuit voltage . In Figure 5.8, the voltage measurement points taken from Figure 5.7, 
for five discharge current levels and the interpolated open-circuit voltage curve  is plotted.  
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Figure 5.8. Battery cell data points and interpolated open circuit voltage curve. Data points measured 

from Figure 5.7. 

€ 

s ˙ o c  is known in all the measurement points, thanks to equation (2.13), since both discharge current  and 

battery capacity  is known. By inserting values for 

€ 

s ˙ o c , ,  and  into equation (5.27) the internal 
resistance for each measurement point can be calculated. The internal resistance is calculated for the points 
corresponding to 10C discharge current. The resulting resistance values are presented in Figure 5.9. 

 

 

Figure 5.9: Battery cell internal resistance calculated from points along 3C discharge curve. 

A fraction of the battery current  is not transformed into charge. This fraction is due to irreversible, 

parasitic reactions taking place in the battery and is often modelled by the efficiency , 
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€ 

s ˙ o c = −
ηbat I2

Q0
. (5.28) 

 
To model  the power loss over the internal resistance is considered for the case of charging and 

discharging the battery. When charging the battery the charging efficiency  is 
 

 (5.29) 

 
Similarly when discharging, the battery the discharging efficiency  is 

 

 (5.30) 

 
The calculated efficiencies for charging and discharging are presented in Figure 5.10 as a function of C-rate 

and . 
 

 

Figure 5.10: Calculated battery efficiencies  and  plotted as a function of  and C-rate. 

To fit the battery efficiency definition in equation (5.28) the efficiencies  and  correlates to  
as 

 

 (5.31) 

 
A map of the battery efficiency is made with C-rate and  as input. The batteries are considered to be 

connected directly to the vehicle DC-link. Nominal voltage of the battery pack , is chosen as 750 V, the 
number of cells used in each series chain is determined by the cell nominal voltage . 

 
 (5.32) 

 
Increasing the number of series chains connected in parallel , then increases the storage capacity of 

the battery pack . 
 

 (5.33) 
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The internal resistance of the battery pack will depend on the number of cells in series and parallel as 
 

 (5.34) 

 
The maximum allowed current, and thereby the power, possible to send in or out of the battery is, as shown 

in Table 5.1, directly proportional to the battery capacity. Increased battery capacity will enable storing larger 
amounts of energy without exceeding  limits but one of the key effects is that it also increases the amount of 
possible charging and discharging power. When analyzing the simulation results it is therefore also of interest to 
see how increased maximum battery power affects power split between ICE and battery. In these simulations, 
battery discharge and charging currents are limited to the maximum continuous currents. With this in mind and a 
battery pack voltage of 750 V will give the following relation between battery pack capacity and maximum and 
minimum power 

 

. (5.35) 

 
Figure 5.11 shows how maximum battery pack power depend on capacity. The maximum and minimum 

power demand of the two examined driving cycles are also presented in the same figure.  
 

 
Figure 5.11: Available battery power as a function of battery capacity along with max and min power 

demand of the driving cycles. 

The reduction in battery performance over time depends much on the load cycle. There were however no 
exact advices found on  bounds for HEV applications. Li-ion batteries are very sensitive to over and under-
charge and lifetime is said to increase by using shallower and more frequent discharges. For simulations the 
battery  limits are set to 60% 90% with initial value at 75%. It is preferable that the simulations 
start and end with the same energy amount in the battery. The following section describes how fuel consumption 
calculation is compensated when having a  deviation at the end of the cycle. 

5.3.5. compensation 
At the end of each driving cycle simulation, the  should preferably be the same as the start value. In that 

way no free energy is given from the batteries that would render misleading fuel consumption results. However, 
for most of the times, the  does not end up exactly on target value and a fuel consumption compensation 
must therefore be included. The bigger the battery capacity gets, the bigger the impact of a  variation. The 
deviation in charge at the end of simulation is  
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. (5.36) 

 
where  is the last time step. This capacity difference corresponds to an energy difference of  

 
. (5.37) 

 
How much fuel  this energy difference corresponds to depends on the energy content of the fuel  

and the efficiency of the energy converters , in this case the ICE, the generator and the AC/DC converter. 
Since the ICE efficiency also depends on operating points, a mean value is approximated.  

 

 (5.38) 

 
This calculated difference in fuel is added to the simulated fuel consumption.  

5.3.6. Electric transmission efficiency 
These are powertrain power losses due to converting from AC to DC and from DC to AC. As described in 

section 2.3.3 on power converters, the efficiency can be expected to remain relatively constant for all operating 
points. The efficiency of the power converters in the GCBs, and the HCBs, are therefore approximated by using 
constant efficiencies  and . Energy losses in cables throughout the vehicle are not considered. 

5.4. Vehicle model description 
The vehicle is, as described in the previous sub-sections, modelled with static relations where component 

characteristics are put into static efficiency and power loss maps. Only one state is left in the model and that is 
the battery’s state of charge, . The rate of change of the state of charge, 

€ 

s ˙ o c , must therefore be calculated 
in the simulations. The output of the simulations is fuel consumption  and will be used to compare the 
different system setups. 

The idea of the investigations at hand is to see how fuel consumption can be improved by increased degrees 
of freedom in the vehicle powertrain control. Therefore the control vector  must be specified to fully describe 
the power distribution in the system.  

First of all, the control variables for varying the number of engaged hub motors, are defined. The hub motors 
are to be engaged and disengaged in pairs out of symmetrical load considerations. Which exact hub motor pair, 
or wheel axle, that should be engaged is not investigated, although this could be important if driveability was 
considered. The variable  defines how many wheel axles that are mechanically engaged. 

 
. (5.39) 

 
The demanded total torque  that need to be delivered by the hub motors is directly determined by the 

driving cycle and the vehicle model. Since the hub motors are engaged in pairs the torque can either be divided 
on one, two or three hub motor pairs. ,  and  is the demanded torque from the respective wheel 
axles. The hub motor control variables can be summed into  as 

 

. (5.40) 
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The total power supplied by the ICEs, , is divided on the two diesel engines ICE1 and ICE2. The power 
is divided so that if there is a difference in the amount of delivered power from each engine, ICE1 will take the 
bigger amount. 
 

 (5.41) 

 
Hence, by introducing individual control of the engines, the ICE control variables needed are speed and 

torque for each engine. The ICE control variables can be summed into  as 
 

 (5.42) 

 
In the case of including electrical energy storage capacity in the vehicle a hybrid power split variable  is 

introduced. It defines how much of the DC-link power , that is delivered by the ICEs, , and how 
much is delivered by the electrical energy storage .  

 

 (5.43) 

 
Limits for the control variable ,  and , are determined in each instant depending on the 

power demand on the DC-link and the maximum and minimum power that can be delivered by the ICEs 
, , and the battery , . 

 

 
(5.44) 

 
The special case when , the ICEs supply all power, and when , all power is delivered by the 

battery . When ,  is negative and corresponds to the energy storage being charged. See  
Figure 5.12 and Figure 5.13 for the possible combinations. If the hub motors cannot deliver all of the demanded 
braking torque during regenerative braking, the remainder will be assumed to be complemented by the friction 
brakes.  
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Figure 5.12: Power paths for pure ICE and pure electric operation mode. 

 
Figure 5.13: Power paths for hybrid and charging operation mode. 

All the necessary control signals are now defined to individually control ICEs and hub motors, and include 
electrical energy storage in the system. Summing them into one control vector gives 

 

. (5.45) 
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The dynamic system is now fully described by equation (5.46). The functions  and  hold information 
from the equation of motion, equation (5.16), and the quasistatic component maps to calculate 

€ 

s ˙ o c  and . 
The optimal control algorithm is represented by  which is used to find the control signals in . Criteria for 
the driving cycle optimization are presented in the next chapter. 

 

€ 

s ˙ o c t( ) = f soc t( ),r t( ),u t( )( ),
m f t( ) = g soc t( ),r t( ),u t( )( ),
u t( ) = fctrl soc t( ), ˙ m f t( ),r t( )( ).

 (5.46) 
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6. Optimization criteria 
For the driving cycle investigations including a battery, the optimization problem is formulated as 
 

 (6.1) 

 
where contain the optimized control signals to minimize the total cost function . The optimization is 
performed with dynamic programming based on optimal control theory. The total cost  at time  is defined 
as the sum of the momentary cost  and the accumulated cost  
 

. (6.2) 
 

For the last time step , the accumulated cost is defined as  
 

, (6.3) 
 
where  is the final cost added for  deviation from the initial  value 

 

 (6.4) 

 
where  is a cost weight factor. The number of parallel battery chains , is factored in to increase the 
final cost for increased energy content in the battery. The momentary cost is defined as 
 

€ 

V (t) = ˙ m f (t)+ csoc (t) + cdyn (t) , (6.5) 
 
where  limitation cost  and ICE dynamic limitation cost  is added to the momentary fuel 
consumption 

€ 

˙ m f . These costs are described in the following sub-sections. Different control variable settings 
will give solutions with different costs and the solution with the minimum cost is found as the optimal. Hard 
constraints are added to the model, governing what control variable settings that are allowed in each time step. 
These constraints are 

 

 (6.6) 

 
where equation (6.6) specify that the EM torque demanded from the driving cycle must be fulfilled, otherwise 
the vehicle would not be able to follow the driving cycle speed profile. In the same way it specifies that the 
power delivered to the DC-link  must be equal to the power demand on the DC-link , otherwise 
the EMs would not be able to fulfil the demanded torque.  

6.1.1.  limitation cost 
As described in the battery model section,  will be held in the interval of 60%-90% for a realistic battery 

usage. Simulation solutions ending up in  values outside these boundaries are added with a cost .  
 

 
 

 
for 

60% or 90% 

(6.7) 
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where  is a cost weight factor.  

6.1.2. ICE dynamic limitation cost 
With the series hybrid layout, ICE speed can be chosen independent of driving cycle speed. If the 

optimization algorithm is free to choose operating points without taking ICE dynamics into consideration, 
simulations could end up giving results that in real life would be impossible to fulfil. A cost  will therefore 
be added to solutions with operating point changes that would take long time to fulfil.  

At Hägglunds a dynamic model is available for the 200 kW ICE. With the help of the dynamic model a 
lookup table was constructed that tells how long time a change in operating point would take. To create the look-
up table, the demanded change in operation point was applied by instantly changing the applied torque and at the 
same time the speed reference. The duration of each simulation was 10 s after the change in operation point. If 
the time to change operating point took more than 10 seconds, simulation was interrupted and the result was set 
to 20 s. The inputs to the map are initial torque , initial speed , end torque  and end 

speed , and the output is the time  to reach the desired operating point within a 10% tolerance 
on the target speed. See Figure 6.1 for input and output representation of the look-up table.  

 

 
Figure 6.1: Inputs and outputs to the ICE look-up table. 

 
If the change in operating point for any of the ICEs would be longer than the driving cycle sample time 

interval , then a cost is added to that solution according to 

 

 

for 
 

(6.8) 

 
where  is a cost weight factor. When using the lookup table, nearest value interpolation is used for input 
speeds and torques. 

ICE look-up table 
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7. Investigations 
Now when having models for the system there are three main investigations to be performed. The first one is 

aimed towards finding out if varying the load on the hub motors can reduce power loss. The results from this 
investigation will be presented in this chapter since they affect choices in the other investigations. The second 
main investigation is to see if controlling the ICEs individually can reduce fuel consumption, this investigation 
does not use any driving cycle but only considers the fuel consumption at static power demand levels. The third 
is to see how including electrical energy storage will affect fuel consumption and ICE operation in different 
driving cycles.  

This chapter starts with a short study analyzing the vehicle power demand to see what factors has the most 
influence, to give a base of understanding when later interpreting the simulation results. 

7.1. Power demand study 
This study was carried out to see how the vehicle traction power demand  vary with acceleration  and 

road inclination . Constant acceleration and road inclination is considered in these cases and the traction force 
and power demand from the hub motors is plotted versus vehicle speed, see Figure 7.1 to Figure 7.3.  

 

 
Figure 7.1: Left: Power demand of resistance forces and total power demand for 0° inclination and zero 
acceleration. Right: Total power demand, rated power and peak power available for using 2, 4 or 6 hub 

motors. 

 
Figure 7.2: Left: Power demand of resistance forces and total power demand for 5° inclination and zero 
acceleration. Right: Total power demand, rated power  and peak power  available for 

using 2, 4 or 6 hub motors. 
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Figure 7.3: Left: Power demand of resistance forces and total power demand for 0° inclination and an 
acceleration of 1 m/s2. Right: Total power demand, rated power  and peak power  

available for using 2, 4 or 6 hub motors.. 

When both acceleration and inclination is zero the majority of the total resistance force come from rolling 
resistance. The driving cycles to be studied do not include road inclination but the effects of a small inclination 
give insight to the consequence of running on fewer hub motors. A slope of five degrees makes it practically 
impossible to run on less than four motors. The same goes for accelerating, so when reducing the number of 
active hub motors, the vehicle performance gets very sensitive to uphill driving and acceleration demands.  

7.2. Individual hub motor control investigation 
This investigation examines the energy reducing benefits of varying the load hub motors. The study is 

performed using the hub motor power loss map to analyse power loss at positive speed and torque operating 
points. Input to the analysis is speed and total torque demand. The speed span is the working span of the hub 
motors and the torque span ranges from zero to maximum torque available when running with all six hub motors 
active. Output from the analysis is the best combination of hub motors rendering the least total power loss. This 
investigation is broken down into three questions.  

1. Is it possible to reduce total power loss when disengaging hub motors mechanically, by shifting to       
neutral gear on some wheels and thereby increasing the load on the remaining hub motors? 

2. Is it possible to reduce total power loss when increasing the load on some hub motors and letting 
others roll along under no-load condition (zero torque operation)?  

3. If it is possible to reduce power loss by disengaging hub motors, can the power loss then be 
decreased even further by distributing the load unequally between the active axles. 

 
These three questions are answered in the following sub-sections. 

7.2.1. Disengaging hub motors mechanically 
The possible reduction in power loss from mechanically disengaging hub motors, corresponding to the first 

question, is presented here. The optimal number of engaged axles and the corresponding reduction in power loss 
is plotted in Figure 7.4 and Figure 7.5. Figure 7.4 shows the result for peak power limited hub motors , 
and Figure 7.5 for rated power limited hub motors, .  
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Figure 7.4: Optimization results for peak power limitation, . Upper plot: Optimal number of hub 
motors vs. speed and output power. Lower plot: Reduction in power loss corresponding to the reduced 

number of active hub motors.  

 
Figure 7.5: Optimization results for rated power limitation, . Upper plot: Optimal number of hub 
motors vs. speed and output power. Lower plot: Reduction in power loss corresponding to the reduced 

number of active hub motors. 

The peak power limited case shown in Figure 7.4 corresponds to a relative power demand decrease as shown 
in Figure 7.6. 
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Figure 7.6: Relative power demand decrease from shifting motors with peak power limitation on hub 

motors. 

From looking at Figure 7.4 to Figure 7.6 it is evident that there is power to be saved by mechanically 
disengaging hub motor pairs, especially in the higher speed regions. The found reduction in power loss is at most 
about 15 kW. Figure 7.5 shows, just like Figure 7.1, how the rated power limitation affects the available output 
power of running with one and two active hub motor pairs. It can roughly be said that shifting to using fewer 
tractive hub motors always reduces the power loss, as long as they can provide the demanded power. The 
relative decrease in power demand from the hub motors can be decreased somewhere between 5% and 20% 
judging from Figure 7.6. 

7.2.2. Disengaging hub motors by no-loading 
The possible reduction in power loss when running one or two hub motor pairs at no-load condition, instead 

of mechanically disengaging, is presented in Figure 7.7. The optimal number of hub motors found for different 
speeds and output power is presented in the upper plot and the winnings from reduced power loss are shown in 
the lower plot. Unlike the result from mechanically disengaging the hub motors, there is no substantial decrease 
in power loss by having some hub motors running at no-load condition. 

 

 
Figure 7.7: Upper plot: Optimal number of hub motors depending on speed and output power, limited to 

peak power. Lower plot: Reduction in power loss corresponding to the reduced number of active hub 
motors. 

7.2.3. Unequal power distribution on engaged axles 
Answering the third question analyzes the case of splitting torque unequally among the active axles. This 

question is interesting for the case when having two or three axles active. For example, when running with two 
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engaged axles, the first axle could deliver two thirds of the demanded torque, while the second axle delivers a 
third. Whether this sort of power split can lead to reductions in power loss is studied in the following manner. 
The total demanded torque  is split on the three wheel axles according to 

 

, , 

, , 

. 

(7.1) 

 
When torque on an axle is zero, that axle is considered to be mechanically disengaged and therefore have 

zero power loss. The wheel axle torque splits are also constrained by 
 

. (7.2) 
 
Therefore torque on the first axle will always be bigger or equal to the torque on the second axle and so on. 

Since all axles have the same power loss characteristic this does not affect the resulting power loss but helps 
from getting duplicate solutions. For each input combination of speed and total torque demand, the variables  

and  are varied over their spans and the solution rendering the least power loss is stored. The hub motors are 
allowed to operate up to their peak power limit in this study.  

The results of the investigation on unequal power distribution are displayed in Figure 7.8 to Figure 7.10. 
They display optimum torque on the first, second and third axle depending on output power and speed. In the 
rightmost plot in every figure, the reduction in power loss is plotted. This is the power loss difference between 
this optimization result, allowing unequal torque distribution, and the result from splitting torque equally on the 
mechanically engaged axles as investigated in section 7.2.1. Figure 7.8 shows the results for where the 
optimization found it best to run on one axle only, Figure 7.9 for two axles, and Figure 7.10 for three axles.  

 
Figure 7.8: Results shown for when it is optimal to run at only one axle mechanically engaged. The first 
three plots from the left show optimal torque distribution depending on speed and output power. The 

rightmost plot shows the reduction in power loss from splitting power unequally on the engaged axles. 



- 41 - 

 

Figure 7.9: Results shown for when it is optimal to run at two axles mechanically engaged. The first three 
plots from the left show optimal torque distribution depending on speed and output power. The rightmost 

plot shows the reduction in power loss from splitting power unequally on the engaged axles. 

 
Figure 7.10. Results shown for when it is optimal to run at three axles mechanically engaged. The first 
three plots from the left show optimal torque distribution depending on speed and output power. The 

rightmost plot shows the reduction in power loss from splitting power unequally on the engaged axles. 

Of course there is no difference in power loss when running on only one axle since that leaves no possibility 
to split the torque. It can be seen for the two and three axle drive, Figure 7.9 and Figure 7.10, that there is for 
some operating points a difference in torque distribution between the mechanically engaged axles. These 
differences do not however end up in any substantial decrease in power loss, all found improvements amount to 
winnings less than 70W. This confirms that there is no factual reduction in power loss when splitting the torque 
unequally on the mechanically engaged axles. 

This investigation on individual hub motor control has shown that there is power to be saved by mechanically 
disengaging hub motors by putting the hub gears in neutral. It has also been shown that there are no substantial 
winnings to be had from splitting the torque unequally on the hub motor pairs that are active. Therefore in the 
following driving cycle based studies on hub motor power loss, the cases that will be compared are driving 
constantly with six hub motors active against optimized number of hub motors by mechanically disengaging 
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axles with equal power split. The driving cycle based investigations are described in section 7.4 and the results 
are presented in section 8.2.  

7.3. Individual ICE control investigation 
This investigation aim to find out how the power split between the two ICEs should be divided when letting 

fuel efficiency be the only ruling factor. Input is static power demand from the ICEs , and output is the 
optimum operating point for both engines along with the fuel consumption. The power is delivered by the two 
ICEs according to equation (5.41). A power split investigation is executed by searching through the power split 
variable .  

 

 (7.3) 

 
For all the examined power split combinations the ICE’s speed interval is searched to find the best operating 

point for both engines. This procedure for one specific power demand and power split combination is presented 
in Figure 7.11 and explained step by step in the numbered list below it. The map in the figure is not the map used 
in simulations. The results of this investigation are presented in section 8.1. 

 
 
 

                         
 

 
Figure 7.11: Search in fuel consumption maps for the best power split combination. Dash-dotted lines 

show power demand at the examined power split combination. 

1. For the power demand at hand , the power split search vector  will render different power 
split combinations by insertion into equation (7.3).  

2. Every examined power split combination will result in a fix value of and . Each power 
split combination corresponds to two constant power curves in the powerpack fuel consumption map, 
one for each ICE, represented by the dash-dotted lines in Figure 7.11.  

3. The operating points along the constant power curves are evaluated with respect to fuel 
consumption.  

4. The optimal speeds,  and , and torques,  and  giving minimum 
fuel consumption are stored.  

5. When all power-split combinations have been evaluated, the ICE operating points rendering the 
least fuel consumption are chosen as optimal for that particular static power demand. 

 

ICE 2 

Best point ICE2 

 

ICE 1 

Best point ICE1 
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7.4. Driving cycle based investigations 
Driving cycles will, as previously described, be utilized to see how the battery capacity size affects fuel 

consumption. The calculated traction power demand for the driving cycles will also be used to see how the 
number of hub motors would have to be shifted when operating according to the optimization result from section 
7.2. 

7.4.1. Shifting number of engaged hub motors 
The shifting of the hub motors is performed according to the optimized hub motor map in Figure 7.4 with 

peak power limitation and Figure 7.5 with rated power limitation. The input and outputs of the map is described 
in Figure 7.12. 

 

 
Figure 7.12: Input and output from static hub motor optimization maps. 

A third and fourth case examined is to limit shifting to occur only between two and three hub motor pairs, 
taking away the one axle drive alternative. The investigated cases are: 

• Shifting between 1, 2 and 3 hub motor pairs. Peak power limitation  for all axles. 

• Shifting between 1, 2 and 3 hub motor pairs. Rated power limitation  for 1 and 2 axle 
drive. 

• Shifting between 2 and 3 hub motor pairs. Peak power limitation  for all axles. 

• Shifting between 2 and 3 hub motor pairs. Rated power limitation  for 2-axle drive. 
 
This investigation is performed to see how big the energy saving potential is depending on driving cycle 

appearance and how often the number of hub motors would have to be shifted. The reason for not including the 
ICEs and energy storage in this driving cycle comparison is to keep the investigation results separate. By 
keeping the investigations separate one can say how much of an improvement is given for the individual control 
implementations. Also the hub motor investigation focuses on how power is demanded from the DC-link while 
the energy storage investigations focus on how power is delivered to the DC-link. 

The results are presented as decrease in positive energy demand on the DC-link for the different driving 
cycles and hub motor maps along with hub motor shifting demand. How big portion of the cycle is run above 
rated power when allowing peak power is also investigated.  

7.4.2. Energy storage inclusion 
For this investigation the optimal control algorithm will be run to find the fuel consumption for the different 

driving cycles with varying battery pack capacity. Different control schemes for the ICEs will also be examined. 
Power demand at the DC-link is calculated considering all hub motors to be engaged throughout the driving 
cycles. Some effects on the results from using the dynamic limitation cost are presented as well as a measure of 
the regenerative braking improvement potential of a driving cycle.  

Different control schemes are investigated in the driving cycle studies to see if and how the results vary 
between them when battery pack capacity increases. The ICE control schemes that will be compared are 

 
• Using two ICEs with individual ICE control, denoted “2xICE opt”. 

• Using two ICEs with equal power split operation, denoted “2xICE equal”. 

• Using one ICE only, denoted “1xICE”. 

Results presentation 
The results from this investigation will be presented as fuel consumption versus battery capacity. Other 

results such as how the  varies over the driving cycle, see Figure 7.13, were useful in interpreting the results 
and for fault localization of the optimization code. They do not however give much information in the 
quantitative comparison and are therefore excluded from the Results chapter. 
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Figure 7.13: Example of  variation result over the course of a driving cycle. 

ICE dynamic limitation cost 
When operating without the dynamic limitation cost  in the driving cycle optimization, operating points 

near the maximum torque curve are typically chosen, see left plot in Figure 7.14, due to high efficiency in that 
region. The figure shows an optimization result where ICE operating points for the HD-UDDS driving cycle is 
plotted. The z-axis represents reoccurrence of every operating point. The optimization was run with a battery 
capacity of 14.4 Ah and with equal power split on the engines. Instead when having the dynamic limitation cost 
for the same simulation setup, the ICE operating points gets as shown in the right plot. As can be seen, when 
taking dynamics into account, ICE operation gets further away from the maximum torque curve, into regions 
known to have lesser fuel efficiency.  

     
Figure 7.14: Simulation result showing ICE operating points and their reoccurrence for HD-UDDS driving 
cycle with 14.4 Ah capacity and equal power split between the engines. Colour of the stems show how 
the battery is used, purely combustion refers to not using the battery. Left: Without dynamic limitation 

cost. Right: With dynamic limitation cost. 

Figure 7.15 shows how using the ICE dynamic limitation cost decreases the ICE response time , for the 
simulation solutions. The number of operating point changes exceeding the sample time of one second are 
reduced. Some solutions with response times exceeding the sample time remain, partly since driving cycle 
demand must always be fulfilled as described in equation (6.6).  
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Figure 7.15: ICE response time for HD-UDDS driving cycle with 14.4 Ah battery capacity and equal power 
split between the engines. Top: Without dynamic limitation cost. Bottom: With dynamic limitation cost.  

A problem found in the simulations run with ICE dynamic limitation cost is that they do not always seem to 
find the optimal solution. Sometimes the results of increased battery capacity rendered an increase in fuel 
consumption, which should not be the case. The simulations with the dynamic cost also had bigger problems 
ending up on the correct  level, which made the comparison more inaccurate for larger battery capacities.  
Simulation results are therefore presented for both with and without the ICE dynamic limitation cost .  

Because of the “end of simulation  deviation”, of the dynamic limited simulations and that they are quite 
time consuming, the battery capacity was only increased up to 79.2 Ah while for the non-dynamic case, capacity 
was investigated up to up to 108 Ah. By comparing against the non-dynamic case one can see how inclusion of 
the cost  affects the fuel consumption.  

Regenerative improvement potential 
In every driving cycle with negative power demand there exist a potential to recover energy by regenerative 

braking. A made up example of power demand on the DC-link for a driving cycle is plotted in Figure 7.16. The 
time integral of the power gives the energy demand. The red area represents the positive energy demand and the 
green represents the negative.  
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Figure 7.16: DC-link power demand example for a made up driving cycle. 

Since the different driving cycles will include different amounts of positive and negative power demand, the 
improvement potential due to regenerative braking will also be different. The maximum improvement possible is 
calculated for the case of perfect recuperation. The regenerative improvement potential  of perfect 
recuperation is calculated by 

 

. (7.4) 

 
The improvement potential  will be used as a comparative measurement when presenting the simulation 

results as decrease in fuel consumption, expressed in percentages. The comparison is not straightforward since 
the improvement in simulations also can get reduction in fuel consumption from other factors than regenerative 
braking. The improvement potential for HD-UDDS and HWFET is presented in Table 7.1 below. HWFET has 
less speed variations and braking and therefore also a smaller improvement potential .  

Table 7.1: Energy improvement potential of driving cycles due to regenerative braking. 

Driving cycle HWFET HD-UDDS 
Regenerative improvement 
potential  [%] 8 22 

 

  

  

 

 



- 47 - 

8. Results 
The results to the investigations on individual ICE control and the driving cycle based studies are shown in 

this chapter. Conclusions drawn from these results are presented in the following chapter. 

8.1. Individual ICE control 
The results of the investigation in section 7.3 are presented here. In Figure 8.1 the optimal power split 

between the two engines is plotted as a function of static power demand . Each engine’s optimal power 
contribution, speed and torque are plotted versus output power. 

 

 
Figure 8.1: Resulting power split, speed and torque of the ICEs, as a function of static output power 

demand, when optimizing for minimum fuel consumption 

€ 

˙ m f . 

Figure 8.2 shows a comparison between equal and unequal power split of the ICEs. The compared values are 
the resulting optimized efficiency and the difference in power loss between the two cases.  
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Figure 8.2: Comparison between equal and unequal power split for the ICEs, for different static power 

demand levels. Compared values are fuel efficiency and the resulting difference in power loss. 

8.2. Driving cycle based investigations 
The results of the driving cycle based investigations, described in section 7.4 are presented here. First how 

the hub motor shifting would look like when obeying different hub motor optimization maps and second, how 
fuel consumption is affected by increased battery pack capacity. Also resulting operating points for the one ICE-
drive alternative are presented. 

8.2.1. Shifting number of engaged hub motors 
The optimization results, regarding hub motor shifting, for the HWFET and the HD-UDDS driving cycle are 

presented in, Figure 8.3 and Figure 8.4. The figures show the demanded number of axles in gear throughout the 
driving cycle. The amount of energy demand decrease, compared to always running on three axles, is presented 
next to the figures. For the control schemes allowing operation up to peak power, the portion of the cycle 
operated above rated power is also specified.   
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Figure 8.3: Optimization result plots showing the number of demanded active axles versus time for the  
HWFET driving cycle. Values for energy reduction due to hub motor shifting are presented next to the 

plots. 

 
 
 
 
 
 
 
 
 
 
 
 

Peak HM map optimization result, 1-3 axles 

Rated HM map optimization result, 1-3 axles 

Rated HM map optimization result, 2-3 axles 

Peak HM map optimization result, 2-3 axles 

Energy reduction: 5.6% 
 

Energy reduction: 8.0% 
 
Portion operated above 
rated power: 57% 

Energy reduction: 4.0% 
 

Energy reduction: 4.3% 
 
Portion operated above 
rated power: 7.2% 
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Figure 8.4: Optimization result plots showing the number of demanded active axles versus time for the  

HD-UDDS driving cycle. Values for energy reduction due to hub motor shifting are presented next to the 
plots. 

8.2.2. Energy storage inclusion 
Fuel consumption for increased battery capacity, different ICE control alternatives and different driving 

cycles are presented here. Simulated fuel consumption for HWFET driving cycle is shown in Figure 8.5. The 
decrease in fuel consumption is plotted in Figure 8.6.  

 

Peak HM map optimization result, 1-3 axles 

Rated HM map optimization result, 1-3 axles 

Rated HM map optimization result, 2-3 axles 

Peak HM map optimization result, 2-3 axles 

Energy reduction: 4.5% 
 

Energy reduction: 6.2% 
 
Portion operated above 
rated power: 21% 

Energy reduction: 3.2% 
 

Energy reduction: 3.4% 
 
Portion operated above 
rated power: 2.2% 
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Figure 8.5: Simulated fuel consumption for HWFET driving cycle. 1xICE refers to using one engine and 
2xICE to using two, “equal” refers to equal power split, “opt” refers to individual power split and “dyn” 

refers to results from using ICE dynamic limitation cost . 

 

 
Figure 8.6: Decrease in fuel consumption compared to the case of 2xICE equal power split with 0 Ah 

battery capacity for the HWFET driving cycle. 1xICE refers to using one engine and 2xICE to using two, 
“equal” refers to equal power split, “opt” refers to individual power split and “dyn” refers to results from 

using ICE dynamic limitation cost . 

Simulated fuel consumption for HD-UDDS driving cycle is shown in Figure 8.7 and the fuel consumption 
decrease in Figure 8.8.  
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Figure 8.7: Simulated fuel consumption for HD-UDDS driving cycle. 1xICE refers to using one engine and 
2xICE to using two, “equal” refers to equal power split, “opt” refers to individual power split and “dyn” 

refers to results from using ICE dynamic limitation cost . 

 
Figure 8.8: Decrease in fuel consumption compared to the case of 2xICE equal power split with 0 Ah 

battery capacity for the HD-UDDS driving cycle. 1xICE refers to using one engine and 2xICE to using two, 
“equal” refers to equal power split, “opt” refers to individual power split and “dyn” refers to results from 

using ICE dynamic limitation cost . 

Figure 8.9 shows resulting operation points of the 1xICE-drive alternative, for the HD-UDDS driving cycle 
with 43.2 Ah battery capacity. Result is shown for both with and without the dynamic limitation cost.  
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Figure 8.9: Result for HD-UDDS driving cycle with only one ICE and 43.2 Ah battery capacity. Plots show 
operating points of the ICE and reoccurrences of those points. “Purely combustion” refers to operation 

where battery is not used. Left: Without dynamic limitation cost. Right: With dynamic limitation cost. 
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9. Discussion and conclusions 
Conclusions drawn from the different investigations are presented here, how individual hub motor control 

can reduce fuel consumption, the effects of individual ICE control and of including an electrical energy storage. 

9.1. Individual hub motor control 
It was shown in the Investigations chapter that there is energy to be saved by disengaging some hub motors, 

while the remaining active motors are put under heavier load. The hub motors need to be disengaged 
mechanically to get this result. As shown in Figure 7.6, the relative energy decrease could in some operation 
regions go up to 35%. Further it has been shown that there are no fuel consumption winnings in splitting the 
torque unevenly on the remaining active hub motors.  

From the driving cycle studies on hub motor shifting it is evident from Figure 8.3 and Figure 8.4 that limiting 
to rated power dramatically increases the demanded shifting intensity. Only allowing shifting between two and 
three hub motor axles decreased the shifting intensity and also decreased the time that the motors operate above 
rated power. The drawback is decrease in potential energy reduction. 

For the HWFET driving cycle, with its high and relatively constant speed profile, the energy demand was 
reduced by 8% for shifting between 1-3 axles and allowing peak power. That control scheme however led to 
operating above rated power for 57% of the cycle, which probably would lead to motors overheating. For the 
HD-UDDS driving cycle, the same control scheme led to operating above rated power 21% of the time. The 
control scheme of using 1-3 axles with rated power limitation still gives a theoretically better energy saving than 
2-3 axle drive, but looking at the shifting intensity of that scheme, the hub motors would have to be engaged and 
disengaged unrealistically often. Shifting would involve speeding up the electric motors and engaging the clutch, 
an operation that costs energy and cannot be performed instantly.  

If instead looking at the peak power limited 2-3 axle control scheme, there is an energy demand reduction of 
4.3% and 3.4% for the HWFET and HD-UDDS driving cycle respectively. The portion of the driving cycles 
spent above rated power for this control scheme is small and could therefore probably be used without danger of 
overheating.  

As noted above, the results in Figure 8.3 and Figure 8.4 indicate that allowing shifting all the way down to 1-
axle drive would be impossible by the intense hub motor shifting. At least this is the case with a driving cycle 
that must be strictly followed, however in a real control situation, power demand transients could be low pass 
filtered and one could limit the supplied power to what is possible to deliver from the single axle in use.  

If the motors are allowed to run above rated power for longer periods they will overheat which must be taken 
into consideration when designing a control scheme for shifting the active number of hub motors. Peak power 
could be allowed until hub motor temperature exceeds a certain limit and then only rated power would be 
allowed. Another alternative is that when one axle reaches limit temperature, traction could be supplied by 
another axle instead. Of course the effect on driveability must also be considered when implementing these types 
of control schemes. 

9.2. Individual ICE control 
Effects of controlling the engines individually are presented both from the static power demand analysis in 

section 8.1 and from the driving cycle based analysis in section 8.2.2. The results of the static power demand 
analysis is first commented and then the driving cycle based results. 

9.2.1. Static power demand 
When considering static power demand it can be seen from Figure 8.1 that power is best delivered solely 

from one engine up to a power level of about 160kW. For a narrow power demand span, from 160 to 180 kW, 
power is split unequally between the two ICEs and then basically split equally up to maximum power. By 
comparing this against always splitting the power equally between the ICEs, see Figure 8.2, the most dramatic 
change in ICE fuel efficiency is found in the low output power region. The decrease in power loss is however 
relatively small because of the low output power. The power loss is in that region at most decreased by 0.6 kW. 
A 1.6 kW decrease in power loss is the most that can be found over the entire span of output power.  

9.2.2. Driving cycle studies 
Looking at the difference in fuel consumption in the driving cycle studies, see Figure 8.5 to Figure 8.8, it can 

be seen that there is little difference between equal and unequal power split over the battery capacity span. 
Individual ICE control, in the special case of 0 Ah, shows a reduction in fuel consumption of 2% and 5% for 
HWFET and HD-UDDS respectively, for the simulations without the ICE dynamic limitation cost. The resulting 
difference in fuel consumption between equal and individual ICE control is smaller with ICE dynamic limitation 
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cost. This can be traced back to the fact that when running with dynamic limitation, the second ICE do not shut 
off just as often because it takes time to speed up again.  

Summing up the results there is little to gain from controlling the ICEs individually in these examined cases. 
If instead the driving cycles would involve a lot of standstill and low output power demand, the benefit of 
shutting of one ICE would be more distinguishable.  

9.3. Electric energy storage inclusion 
First the ICE dynamic limitation is commented since including it in simulations gave some discrepancies in 

the results. After that the effect on fuel consumption and the ability to run with just one engine is presented and 
discussed. 

9.3.1. ICE dynamic limitation 
The fuel consumption results from including the ICE dynamic limitation cost, in Figure 8.6 to Figure 8.8, do 

not show just as a smooth trend as the results without it, and the optimality of those solutions cannot be trusted. 
The results of increasing battery capacity in some cases indicate an increase in fuel consumption, which is not 
logical. One factor that contributes to the uncertainty of the results is the previously mentioned  deviation 
but that does not explain all of it.  

It can however be seen, looking aside these discrepancies, that fuel consumption is increased by the added 
constraint which is to be expected. Also the trend on fuel consumption looks about the same as in the non-
dynamically limited results. Therefore the results with dynamic limitation are considered to be valid for 
comparison purposes.  

9.3.2. Fuel consumption vs. battery capacity 
Increasing the battery pack capacity decreases the fuel consumption as expected. The driving cycle has big 

influence on the fuel savings potential. It can be seen in Figure 8.6 and Figure 8.8 that the decrease in fuel 
consumption is the most significant at the beginning and starts to saturate when reaching improvement levels 
close to the driving cycle specific regenerative improvement potential (red line in the figures). In the region with 
larger battery capacity, little is gained for each battery capacity increment. The fact that the fuel consumption 
still increases is understandable considering that not all of the negative power from the driving cycles can be 
absorbed for the investigated battery capacities, see Figure 5.11.  

The effect on fuel consumption when including the ICE dynamic limitation cost is very similar to the non-
limited case but with somewhat reduced improvement potential. 

9.3.3. One ICE-drive alternative 
The alternative of running with only one ICE becomes possible where the ICE and the battery together can 

provide the maximum demanded power of the driving cycle. This is at 28.8 Ah for the HWFET cycle and 36 Ah 
for the HD-UDDS, corresponding to battery discharging power capacity of 108 and 135 kW. 

The fuel consumption in the non-dynamic limited case corresponds pretty much to the 2xICE alternative with 
individual control. If instead looking at the fuel consumption of the dynamically limited, 1xICE-drive, the fuel 
consumption is higher than for all other alternatives. This can be explained by the fact that the one ICE must 
provide more power, take larger leaps and therefore work in more unfavourable regions. For high power outtake 
this means working a lot more in the top speed region, see Figure 8.9. It is known from the fuel consumption 
map that fuel efficiency is worse in that area. 

The results of 1xICE-drive for HD-UDDS in Figure 8.8 seem consistent and the fuel consumption 
improvement is there about 10%, 3-4% less than for running with two ICEs. The results for HWFET on the other 
hand indicate that optimum has not been found since the fuel consumption results for 1xICE-drive in Figure 8.6 
are very inconsistent. Not much can be said from those results. 

To sum things up, the battery pack needs to be able to supply well over 100 kW for using only one ICE in the 
investigated driving cycles. When considering ICE dynamics it seems that this alternative will suffer from 
increased fuel consumption compared to the 2xICE alternative, but it still renders less fuel consumption than 
2xICE alternative without batteries. Also, if the investigated engine would have better fuel efficiency in the high-
speed region, then the 1xICE-drive would not suffer just as much in the comparison.  

9.3.4. Sources of error and simplifications 
There have been made simplifications when calculating the power demand in the powertrain, for example 

constant efficiencies of the electric power converters. Most of these simplifications should however not have too 
much of an impact, since the exact DC-link power is not the most interesting result. Most interesting is the 
relative improvement from using different powertrain setups. There are however some simplifications that matter 
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more than others. It should also be pointed out that these results only apply to these hub motors, engines and 
batteries and components with similar characteristics.   

The battery model was created to fit one specific battery cell type, whose data were found in the 
manufacturer’s product catalogue [10]. The battery specifications of course have impact on the simulation results 
as well do the  limits. This is more of a boundary condition than a simplification though. There was put no 
limitation on how fast the battery current could change. If that factor in reality is big it could mean that battery 
performance might have been somewhat overestimated.  

The look-up table for the dynamic limitation cost was created from a dynamic model of the ICE. The way 
that the look-up table was generated, with instantaneous speed reference and load step, may not give the best 
possible ICE response time. On the other hand the dynamic model has been improved at Hägglunds after the 
creation of the look-up table. The old model responded too fast to load steps, compared to the real engine. This 
adds to the uncertainty in the ICE response. Another factor adding to the uncertainty is that the speed steps were 
chosen rather course due to simulation time considerations, as can seen in the right plot of Figure 8.9. With 
closer speed steps the transition between load points might have been faster resulting in less sample time 
violations.  

The fact that the dynamic limitation is a soft constraint, because power demand of driving cycle must be 
fulfilled, leads to the fact that some simulations might be more realistic than others and is something that is hard 
to assess. But by looking at Figure 7.15 one can see that there is a vast difference compared to the non-limited 
simulations, although some violations still remain. 

Energy demand for starting the engine, as well as the kinetic energy it takes to change engine speed was not 
considered in the simulations. Including these factors should have punished the non-dynamic limited simulations 
in the comparison with the dynamically limited case.  

9.3.5. Future work 
This thesis was carried out to investigate the fuel savings potential of different system setups and control 

alternatives. A natural progression of the work is to design controllers that can control hub motor shifting; 
individual ICE control and hybrid power split. It seems logical to first implement the individual hub motor 
shifting since it appears to be rather easily done. Individual control of the ICEs does not seem to give much 
advantage during driving but the engines could at least be turned off when the vehicle is at stand still.  

Focus was here put on fuel consumption but when eventually designing a battery pack, other factors would 
also have to be included. Factors such as, price, volume, total time that the vehicle can operate in “silent mode”, 
maximum possible charge and discharge power and maximum number of engine cranks before being fully 
discharged. When designing a power split controller, these optimal control studies could be used for performance 
benchmarking. 
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11. List of variables 
 

  Vehicle acceleration   [m/s2] 

   Vehicle frontal area   [m/s2]  

  Road inclination   [rad] 

  Magnetic flux density   [Vs/m2] 

 Regenerative braking potential   [-] 

  Drag force coefficient   [-] 

  Rolling resistance coefficient   [-] 

 ICE dynamic limitation cost  [-] 

  limitation cost   [-] 

   Efficiency    [-] 

  Generator efficiency  [-] 

  ICE efficiency   [-] 

  Hub converter box efficiency  [-] 

   Generator converter box efficiency [-] 

  Hub motor efficiency  [-] 

  Gearbox efficiency  [-] 

  Battery efficiency  [-] 

 Battery charging efficiency  [-] 

  Battery discharging efficiency  [-] 

 Efficiency of energy converters  [-] 

 Approximated mean ICE efficiency [-] 

  Gearbox proportional power loss coefficient  [-] 

   Energy    [J] 

  Input energy   [J] 

 Output energy   [J] 

  Work energy supplied by ICE  [J] 

  Chemically stored energy in fuel [J] 

   Positive energy demand on DC-link  [J] 

   Negative energy demand on DC-link [J] 

  Aerodynamic drag force   [N] 

 Longitudinal component of gravitational force  [N] 
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  Rolling resistance force   [N] 

  Traction force    [N] 

  Disturbance forces   [N] 

  Road normal force   [N] 

  Magnetic force    [N] 

  Acceleration of gravity   [m/s2] 

  Electrical current   [A] 

 Current that drains battery in 1h  [A] 

 Battery load current   [A] 

 Optimal control accumulated cost  [-] 

  Wheel moment of inertia   [kgm2] 

  Hub motor moment of inertia   [kgm2] 

 Cost weight factor for final cost  [-] 

 Cost weight factor for  limitation cost [-] 

 Cost weight factor for ICE dynamic cost [-] 

  Conductor length   [m] 

  Mass    [kg] 

  Fuel consumption   [kg] 

  Wheel dynamic mass   [kg] 

  Hub motor dynamic mass   [kg] 

  Total mass    [kg] 

  No. mechanically engaged hub motors  [-] 

  No. of battery cells parallel  [-] 

  No. of battery cells in series  [-] 

  No.  of mechanically engaged wheel axles  [-] 

  Angular velocity   [rad/s] 

 Hub motor angular velocity  [rad/s] 

 Wheel angular velocity   [rad/s] 

  ICE angular velocity  [rad/s] 

  Angular velocity of ICE 1 shaft   [rad/s] 

  Angular velocity of ICE 2 shaft   [rad/s] 

 ICE power split variable   [-] 
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  Power    [W] 

  Battery output power  [W] 

  Battery power loss   [W] 

  Minimum battery power   [W] 

  Maximum battery power  [W] 

  Traction power    [W] 

  Fuel power    [W] 

  Gearbox power loss   [W] 

  Hub motor power loss   [W] 

  Input power    [W] 

  Output power    [W] 

  Hub motor peak power   [W] 

  Hub motor rated power   [W] 

  Power delivered by electric motor  [W]  

  Gearbox rotational power loss   [W] 

  Total ICE output power   [W] 

 Output power of ICE 1   [W] 

  Output power of ICE 2   [W] 

  DC-link power   [W] 

  Power delivered by ICEs to DC-link  [W] 

  Heat of combustion   [J/kg] 

 Charge    [As] 

  Battery capacity   [As] 

 Battery capacity   [Ah] 

  Wheel radius    [m] 

  Air gap radius    [m] 

  Battery internal resistance   [Ohm] 

  Density    [kg/m3] 

 State of charge    [-] 

  Optimal control final cost  [-] 

  Time    [s] 

 ICE look-up response time  [s] 
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  Simulation end time   [s] 

 Driving cycle sample time  [s] 

  Torque    [Nm] 

 Hub motor torque  [Nm] 

 Wheel torque   [Nm] 

  Total demanded torque from hub motors  [Nm] 

  Torque delivered by axle 1   [Nm] 

  Torque delivered by axle 2   [Nm] 

  Torque delivered by axle 3   [Nm] 

  ICE output torque  [Nm] 

  Torque delivered by ICE 1   [Nm] 

  Torque delivered by ICE 2   [Nm] 

  Wheel rotational angle   [rad] 

  Hub motor rotational angle   [rad] 

  Control signal vector  [-] 

  Optimal control signals  [-] 

  Control signal vector for electric motors [-] 

  Control signal vector for ICEs  [-] 

  Hybrid power split variable   [-] 

   Voltage    [V] 

 Battery voltage    [V] 

  Battery open circuit voltage   [V] 

  Battery load voltage   [V] 

 Velocity    [m/s] 

  Head wind velocity   [m/s]  

 Optimal control momentary cost  [-] 

 


