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Abstract 

 

For hand-held power tools such as chain saws, leaf blowers and grass trimmers, the two-stroke 

engine equipped with a carburettor is the preponderant propulsion system. Due to the necessity 

of reducing CO2 emissions, the efficiency of such power tools is challenged to be improved. In 

addition, emission limits will, in all likelihood, become stricter in the future. 

As part of the RC-LowCAP research project, the approach of combining a combustion engine 

and an electric motor to a hybrid system shall be examined, in order to gain fuel consumption 

and emission benefits. The research project started with a simulation model to determine the 

optimum powertrain and hybrid configuration for this application. Therefore, load cycles of 

different hand-held power tools have been investigated to ascertain possible efficiency 

potentials. Following the initial results of the simulation, a parallel hybrid configuration 

combining a four-stroke engine and a brushless DC motor was chosen for the experimental 

investigations. Under those boundary conditions, the aim of this thesis is laying on the design 

and build-up of a test-bench setup, and on the experimental investigation of the combustion 

engine and the hybrid system. 

At first, a test-bench setup for mounting the combustion engine on the test bench and for 

connecting the crankshaft to the shaft of the brake was designed and built. After this setup was 

prepared, measurements with two different ignition systems and two different carburettors were 

carried out as a preparation step for the hybrid system measurements. The goal of these 

measurements was to maintain the behaviour of the engine with the implemented changes. The 

resulting engine maps of those measurements will be used afterwards in this research project to 

refine the simulation model. 

For the hybrid powertrain, a connection was designed and manufactured to join the crankshaft 

of the combustion engine with the shaft of the electric motor. Subsequently, the first 

measurements with the hybrid configuration were carried out on the start-up behaviour of the 

system. The start-up investigations done with the hybrid system could confirm that the start-up 

of the engine, by powering and controlling the electric motor is possible. After those 

experiments steady-state measurements were carried out. The resulting efficiency maps from 

those stationary measurements are compared to efficiency of the combustion engine alone. By 

this comparison, the hybrid configuration is promising in terms of increasing the efficiency of 

a hand-held power tool. However, in order to determine whether this potential advantage in the 

efficiency proves true, load cycles must be driven with the hybrid system. Furthermore, all the 

gained results from the hybrid powertrain measurements are used after this master thesis for 

enhancing the simulation model and to investigate possible efficiency benefits. 
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1 Introduction 

 

In the field of hand-held power tools, a broad majority uses a combustion engine as propulsion 

system. Those engines possess a high-power-density, but suffer from a high fuel consumption. 

Due to the necessity of reducing carbon dioxide emissions, much effort is put into research and 

development of those small combustion engines. Despite the improvements in small 

combustion engines, a trend in utilizing electric motors as power unit for hand-held tools can 

be seen. [7],[34] 

In this master thesis the approach of combining a combustion engine and an electric motor to 

gain a hybrid system shall be examined. The focus of this thesis is laying on the design and 

construction of a test-bench setup, as well as on the experimental investigation of the 

combustion engine and the hybrid system. This thesis was written within the framework of the 

RC-LowCAP research project (cf. [17]). In the course of this research project a doctoral thesis 

is authored, which builds the basis for this master thesis (cf. chapter 1.3). 

In the first chapter of this thesis, an overview of the state of the art in hand-held power tools 

and a brief look at the general framework of the research project is given. Chapter two explains 

the theoretical background in order to get a better understanding of the content presented in the 

following chapters. In chapter three the utilised test carriers and controllers are explained. The 

test-bench setup, starting from the design until the final measuring setup, is displayed in the 

fourth chapter. Chapter five shows the experimental investigations and the gained results. The 

conclusions which can be taken from the results and an outlook is outlined in the sixth chapter 

and seventh chapter of this thesis. 

 

1.1 Objective 

 

The aim of this master thesis is to design and build a test-bench setup for carrying out 

experiments on a combustion engine and a hybrid system, as well as experimentally 

characterising the utilised systems. In order to gain those results, the following tasks have been 

carried out: 

• Design of an engine mounting for the test bench 

• Manufacturing and assembling of the engine setup 

• Preparation and setting up of the engine and test bench for the measurements 

• Measurements on the three different engine arrangements: 

o Reference ICE (cf. 5.1) 

o Modified ICE (cf. 5.2) 

o Hybrid system (cf. 5.3) 

• Results usability and comparison 
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1.2 State of the art 

 

In hand-held power tools like chain saws, leaf blowers and grass trimmers the two-stroke engine 

fitted with a carburettor is the most used propulsion system. The necessity of reducing CO2 

emissions and a shortage in fossil resources leads to the need of improving the engine 

efficiency. Furthermore, emission limits will become stricter in the future. [34] 

The various requirements a hand-held power tool has to fulfil are shown in Figure 1-1. Some 

of those requirements are in contrast to each other, which proves difficult to the development 

of hand-held power tools. [34] 

 

Figure 1-1: Requirements on hand-held power tools [34] 

As mentioned before, the two-stroke engine is the mainly used propulsion technology in hand-

held power tools because of its high-power-density. For some applications, such as leaf blowers 

and grass trimmers, four-stroke engines can be seen on the market. The four-stroke engine 

possesses a lower fuel consumption and emissions compared to the two-stroke engine, but has 

a lack of specific power. [34] 

 

Figure 1-2: Two-stroke powered chainsaw and four-stroke driven leaf blower [25],[26] 
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For applications, where low noise emissions are required, battery powered tools or electric tools 

with a power cord are suitable. [8] 

 

Figure 1-3: Electric brush cutter with power cord and battery powered grass trimmer [27],[28] 

The biggest power range of hand-held power tools can be seen on two-stroke tools with a range 

of 0.8 kW to 6.5 kW. Tools powered by a four-stroke engine feature a range from 0.9 kW up to 

3.5 kW and electric tools have a power output up to 2.5 kW. [29] 

 

1.3 Boundary conditions 

 

Based on the RC-LowCAP research project group of IVT at the Technical University of Graz, 

that started in December of 2019, 9 research sub-projects are created (Figure 1-4). In the 

category of “Tools”, the idea of a hybrid tool is examined as a way to increase the efficiency 

and reduce the emissions of these applications. As known from the automotive industry, the 

hybrid powertrain is already a state-of-the-art driver to bring down greenhouse gas emissions 

from combustion driven powertrains by adding a second power source to the system - the 

electric energy. [17] 

 

Figure 1-4: RC-LowCAP projects [17] 
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The research on the hybrid tool started with a concept investigation, fully parametric, system-

level simulation model in MATLAB and Simulink in order to examine the efficiency potential 

of different powertrain units, sizes and hybrid configurations for different load cycles. [36] 

 

Figure 1-5: hybrid tool simulation model [36] 

Figure 1-6 depicts the load cycle of a light load and high transient application in the field use 

(e.g.: limbing a tree with a chainsaw or cutting thick weeds with a brushcutter). The normalised 

speed and torque versus the time are shown. In the recorded normalised speed, the average 

speed is about 83% of the maximum speed (red line). Furthermore, the oscillation magnitude 

of the speed amounts to 30% and on 20 to 30% of the cycle duration the tool is on idle. 

An oscillation magnitude of 100% can be seen in the normalised torque of the recorded load 

cycle. Moreover, the averaged torque of this hand-held tool in field use is accounting to 55% 

of the maximum torque (red line). 

 

Figure 1-6: Normalised speed and torque of a hand-held power tool [36] 
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This information gained from the load cycle of such a hand-held power tool led to idea of 

investigating a hybrid powertrain for such an application. 

Due to the high amount of time staying on idle, a potential benefit in the fuel consumption and 

in reducing the emissions by minimizing the idle time can be seen. Furthermore, the hybrid 

approach can reduce the high transient speed of the ICE, by the utilisation of the EM as a torque 

balancer (cf. Figure 1-8). This reduction of the high transient speed may be beneficial to lower 

the fuel consumption by keeping the ICE on its best efficiency line. By investigating the 

normalised torque, it can be seen that the oscillations are very high and the average torque 

amount is about 55% of the maximum torque. This means that for a given load cycle, a 

downsized ICE combined with an EM can be used according to the operational strategy 

mentioned below (Figure 1-8). 

With those ideas and potential benefits, the hybrid tool simulation started. After the first 

simulation results (cf. H-Tool simulation paper [36]), comes the powertrain dimensioning in 

order to build and implement the selected optimum simulation-based hybrid system on the test 

bench. The powertrain selected for the hybrid tool is combining a 65cc 4-stroke combustion 

engine with a 1.8kW BLDC Electric Motor from the company STIHL connected on the same 

shaft in a 1:1 parallel hybrid configuration without any intermediate clutch (pic below). [36] 

 

Figure 1-7: Parallel hybrid configuration [36] 

The operational strategy of the parallel hybrid system follows the approach of the ICE best 

operational line. Above a critical speed, the ICE is working at its best operational line and the 

EM acting as a torque balancer. In this mode the EM is adding or subtracting torque based on 

the ICE and the applied external load. Below the critical speed, the combustion engine is not 

producing any torque but is cranked by the EM (i.e.: start-stop function). [36] 

 

Figure 1-8: Operating strategy for parallel hybrid system [36] 

With these constraints, this study aims to design, built and characterize the aforementioned 

system as a next step of the H-Tool research project targeting for the first experimental data to 

validate and correct the accuracy of the simulation model. 
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2 Theoretical Background 

 

In this chapter, the theoretical foundations, necessary for a better understanding of the content 

of this thesis, are explained. The first subchapter describes the working principle of the four-

stroke spark-ignition engine and the specifics of our ICE. In the second subchapter, the 

brushless direct current motor is delineated. The possible combinations of an ICE and an EM, 

to gain a hybrid system, are depicted in the third subchapter. 

 

2.1 Four-stroke spark-ignition engine with external mixture formation 

 

2.1.1 Forces ([2],[12],[24]) 

 

An internal combustion engine converts the chemical energy stored in the fuel, into mechanical 

energy, that moves the piston. The reciprocation piston movement is transferred into a rotating 

motion of the crankshaft via the conrod. On the four-stroke engine two revolutions of the 

crankshaft are needed to complete one cycle (Figure 2-1). 

 

Figure 2-1: Curve of forces and moments vs. CA of a single cylinder four-stroke engine [2] 
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Figure 2-1 shows the forces acting on the piston Fpiston and the resulting torque T on the 

crankshaft via the crank angle for a single cylinder four stroke engine. The forces acting on the 

piston Fpiston are a result of the gas force Fgas plus the reciprocating inertial forces Freciprocate. The 

tangential force Ft is a result of the force on the piston Fpiston and is producing the torque at the 

crankshaft T. By averaging the torque curve T, the mean torque Tmean is gained. Comparing the 

mean torque Tmean with the torque curve T, oscillations can be investigated. A possible way to 

smoothen those oscillations is to add inertia to the crankshaft (e.g., a flywheel). Multicylinder 

engines are showing less oscillations and, therefore, a more uniform torque curve. 

 

2.1.2 Mean effective pressure ([33],[35]) 

 

The mean effective pressure in general is the output work over the swept volume during one 

working cycle. There are three different types of mean effective pressure to distinguish. The 

two key types are the indicated mean effective pressure (imep) and the brake mean effective 

pressure (bmep). The third one is the friction mean effective pressure (fmep), which is a result 

of the other two mean effective pressures. 

Indicated mean effective pressure 

The imep is determined from the cylinder pressure over the swept volume during one working 

cycle. 

 

Figure 2-2: Cylinder pressure over swept volume [33] 

The cylinder pressure curve is used to derive the gas work at the piston. 

d𝑊piston = 𝑝𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 ∗ 𝐴piston ∗ d𝑠piston (2-1) 

With the gas work the imep can be calculated. 

𝑝mi = 𝑖𝑚𝑒𝑝 =
𝑊indicated

𝑉swept
 (2-2) 
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Brake mean effective pressure 

The bmep can be determined from the torque at the crankshaft, or from the effective output 

work of the engine and the swept volume. 

𝑝me = 𝑏𝑚𝑒𝑝 =
𝑊effective

𝑉swept
=
𝑇crankshaft ∗ 4𝜋

𝑉swept
 (2-3) 

Friction mean effective pressure 

The difference between the imep and the bmep originates from power losses due to mechanical 

friction. 

𝑓𝑚𝑒𝑝 = 𝑖𝑚𝑒𝑝 − 𝑏𝑚𝑒𝑝 (2-4) 

𝑝mf = 𝑝mi − 𝑝me (2-5) 

 

2.1.3 Torque and Power ([2],[35]) 

 

The power can be calculated from the mean effective pressure and engine speed (2-6), or from 

torque and speed (2-7). Vice versa, the torque can be calculated from the power and engine 

speed (2-8), or from the mean effective pressure and speed (2-9). 

𝑃 = 𝑉swept ∗ 𝑝m ∗
𝑛

2
 (2-6) 

𝑃 = 𝑇 ∗ 2𝜋 ∗ 𝑛 (2-7) 

𝑇 =
𝑃

2𝜋 ∗ 𝑛
 (2-8) 

𝑇 =
𝑉swept ∗ 𝑝m

4𝜋
 (2-9) 

Those equations apply, depending on the index, for the effective, indicated or friction power 

and torque. 

 

2.1.4 Efficiency ([2],[3],[35]) 

 

In internal combustion engines a distinction between the indicated, effective and mechanical 

efficiency is made. The indicated and effective efficiency are determined from the output work 

and the energy stored in the fuel. This energy stored in the fuel is the product of the net calorific 

value (NCV, Hu) and the fuel mass (mfuel); E = Hu * mfuel. Furthermore, the efficiency can be 

calculated from the output power and the fuel mass flow together with the net calorific value. 

𝜂i =
𝑊indicated

𝐻u ∗ 𝑚fuel
=

𝑃indicated
�̇�fuel ∗ 𝐻u

 (2-10) 

𝜂e =
𝑊effective

𝐻u ∗ 𝑚fuel
=

𝑃effective
�̇�fuel ∗ 𝐻u

 (2-11) 

The mechanical efficiency is the quotient of the effective efficiency and the indicated 

efficiency. 
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𝜂m =
𝜂e
𝜂i

=
𝑊effective

𝑊indicated
=

𝑃effective
𝑃indicated

=
𝑝me

𝑝mi
 (2-12) 

 

2.1.5 Specific fuel consumption ([3],[33],[35]) 

 

The specific fuel consumption is inversely proportional to the efficiency and to the net caloric 

value. Another way to determine the specific fuel consumption is to measure the fuel mass flow 

and the power output. 

𝑠𝑓𝑐 = 𝑏 =
1

𝜂 ∗ 𝐻u
=
�̇�fuel

𝑃
 (2-13) 

Similar to the calculations of power, mean effective pressure and efficiency, the specific fuel 

consumption can be referred to the indicated values or the effective values. 

𝑖𝑠𝑓𝑐 = 𝑏i =
1

𝜂i ∗ 𝐻u
=

�̇�fuel

𝑃indicated
 (2-14) 

𝑏𝑠𝑓𝑐 = 𝑏e =
1

𝜂e ∗ 𝐻u
=

�̇�fuel

𝑃effective
 (2-15) 

The excess air ratio λ has a major effect on the combustion, hence on the specific fuel 

consumption and the achievable mean effective pressure. Figure 2-3 shows the bsfc and the 

bmep for different excess air ratios at constant engine speed and with a constant throttle angle. 

The minimum bsfc is reached at roughly λ = 1.1. The maximum bmep is achieved around λ = 

0.9 because of an increased mixture calorific value. 

 

Figure 2-3: bsfc and bmep for different excess air ratios [35] 
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2.1.6 Excess air ratio ([2],[35]) 

 

The excess air ratio λ is described by the air mass in the cylinder during the combustion mair 

and the stoichiometric air mass mair,st. The stoichiometric air requirement LSt is calculated from 

the air mass mair,st and the fuel mfuel mass under stoichiometric conditions. 

𝐿St =
𝑚𝑎𝑖𝑟,st

𝑚fuel
 (2-16) 

𝜆 =
𝑚air

𝑚air,st
=

𝑚air

𝐿st ∗ 𝑚fuel
 (2-17) 

 

2.1.7 Mixture calorific value and air expenditure ([2],[3],[35]) 

 

The torque and mean effective pressure of a combustion engine are dependent on the cylinder 

charge, respectively on the energy contained in the fuel. To calculate this energy, the mixture 

calorific value HG is defined. 

𝐻G =
𝑚fuel ∗ 𝐻u

𝑉G
 (2-18) 

VG is the volume of the air fuel mixture and ρG the density of the air fuel mixture. 

𝑉G =
𝑚air +𝑚fuel

𝜌G
 (2-19) 

𝑚air = 𝜆 ∗ 𝐿st ∗ 𝑚fuel  (2-20) 

By substituting equation (2-19) and (2-20) into equation (2-18), the following equation is 

obtained. 

𝐻G =
𝜌G ∗ 𝐻u

𝜆 ∗ 𝐿st + 1
 (2-21) 

In Figure 2-4 the heavy influence of the excess air ratio on the mixture calorific value can be 

seen. 

 

Figure 2-4: Mixture calorific value versus excess air ratio [15] 
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To characterise the cylinder charge, the air expenditure λa is defined. It is a measure for the 

fresh charge introduced in the engine. 

𝜆a =
𝑚G

𝑚th
=
𝑚fuel +𝑚air

𝑚th
 (2-22) 

mG describes the overall fresh charge mass admitted to the engine. mth is the theoretical fresh 

charge mass calculated from the ambient pressure and temperature of the charge, and the swept 

volume of the engine Vswept. 

The energy stored in the fuel, which is brought into the combustion chamber, is crucial for the 

output torque and mean effective pressure. This energy can be calculated from the NCV and 

fuel mass (cf. 2.1.4), or from the mixture calorific value and the air expenditure. 

𝐸 = 𝜆a𝐻G𝑉swept (2-23) 

By substituting the equation Weffective = E * ηe and (2-23) into equation (2-3), the following 

equation is obtained. 

𝑝e = 𝑏𝑚𝑒𝑝 = 𝜆a𝐻G𝜂e (2-24) 

This equation exemplifies the upper limits in the bmep for the investigated four-stroke spark-

ignition engine with external mixture formation. HG is heavily influenced by the excess air ratio 

and λa is used to control the engine (cylinder-charge control). The efficiency ηe shall not only 

be raised to gain a better bsfc, but also to reach a higher mean effective pressure. 

 

2.1.8 Combustion process ([2],[3],[33],[35]) 

 

According to the working principle (cf. 2.1.1) of SI engines with external mixture formation, 

the combustion of the mostly homogeneous air fuel mixture is initiated by an electric ignition 

spark from a spark plug. After the initiation of the combustion, a flame front is forming and 

propagating until it reaches the combustion chamber wall. In Figure 2-5, a qualitative pressure 

curve of the high-pressure process is shown. The figure also depicts a cumulative heat release 

curve (cumulative combustion curve). This curve shows the ratio of the combusted fuel mB,V to 

the admitted fuel mB over the crank angle. 

The ignition angle and the excess air ratio have a major impact on the heat release characteristic 

and hence on the pressure curve, the mean effective pressure and on the specific fuel 

consumption. The ignition angle is usually chosen so that the maximum pressure is reached 

shortly after the top dead centre (cf. Figure 2-6). 
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Figure 2-5: Cylinder pressure and cumulative heat release curve [35] 

 

Figure 2-6: Influence of ignition angle on the pressure curve [35] 
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In Figure 2-7 the influence of the excess air ratio on the specific fuel consumption and the mean 

effective pressure can be seen. At roughly λ = 1.1 the minimum sfc can be achieved and at a λ 

around 0.9 the maximum mep can be accomplished (cf. 2.1.5). 

 

Figure 2-7: Influence of air fuel ratio to mean effective pressure and fuel consumption [2] 

In the pressure curve, relatively large cyclical fluctuations can be investigated from working 

cycle to working cycle. The main reasons for those cyclical fluctuations are temporal and local 

fluctuations in the turbulent flow resulting in a varying combustion start. 

 

Figure 2-8: Cyclical fluctuations [35] 

 

2.1.9 Exhaust emissions ([2],[3]) 

 

The exhaust emissions of SI engines contain, next to the non-toxic components N2, CO2, H2O 

and in case of excess air O2, the pollutants CO, HC and NOx. The concentrations of the 

pollutants CO, HC and NOx depend primarily on the air-fuel ratio λ (Figure 2-9). These typical 

curves are basically found in every SI engine, only the height of the proportions and details of 

the curve depend on the respective engine and the operating point. 

Out of the exhaust emissions the air-fuel ratio can be calculated. The formulas are not presented 

in this thesis but reference is made to the corresponding publications [1] and [6]. 
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Figure 2-9: Emission behaviour of an SI engine depending on excess air ratio [2] 

 

2.1.10 Mixture formation ([3],[13]) 

 

The external mixture formation on hand-held power tools is in most cases done by diaphragm 

carburettors (Figure 2-10). Those carburettors offer the possibility to work in high inclination 

angles as well as upside-down. The fuel pump is designed as a diaphragm pump (4) and is 

driven by the pulsating pressure of the crankcase of the engine. It delivers the fuel to a 

diaphragm control, consisting of diaphragm (18), control lever (17) and inlet valve (14), which 

keeps the fuel level in the carburettor constant. Otherwise, the carburettor is equipped with an 

adjustable main jet (11,13) and an adjustable idle jet (12,14), as well as a cold start device (7). 

The requirements for such carburettors lie less in maintaining an exact excess air ratio, but more 

in ensuring operation. 

 

Figure 2-10: Diaphragm carburettor [13] 
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In order to gain higher controllability of the excess air ratio, STIHL designed an electronically 

controllable diaphragm carburettor (M-tronic carburettor). In contrast to a conventional 

diaphragm carburettor, the M-Tronic carburettor eliminates both, the main set screw and the 

idle set screw. The fuel metering from the control diaphragm chamber into the venturi is 

controlled via an electronically controllable solenoid valve (1), as can be seen in Figure 2-11. 

 

Figure 2-11: STIHL M-tronic carburettor [13] 

 

2.1.11 Ignition ([2],[35]) 

 

In SI engines the combustion process is initiated by an electrical discharge. The electrical 

discharge in the combustion chamber is triggered near the end of the compression phase. An 

ignition coil is required as high-voltage source and a spark plug is needed as an electrode in the 

combustion chamber. 

The simplest system is the battery coil ignition (Figure 2-12). Before the ignition, the current 

flows from the battery via the primary winding of the ignition coil and the closed breaker 

contact to ground, generating a magnetic field in the coil. At ignition time, the breaker contact 

opens and interrupts the primary current. The breakdown of the magnetic field induces a very 

high voltage in the secondary winding of the ignition coil, which is fed to the individual spark 

plugs via the ignition distributor. 
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Figure 2-12: Coil ignition [2] 

The magneto ignition (Figure 2-13) is used for systems that do not have a battery (hand-held 

power tools, small engines for mopeds, etc.). The ignition energy is generated by a permanent 

magnet which rotates at crankshaft speed or at half crankshaft speed. This generates an 

alternating magnetic flux in the ignition armature with an approximately sinusoidal course, 

which induces voltage in the primary and secondary windings. Therefore, when the breaker 

contact is closed, the current flows in the primary circuit. As with battery ignition, this current 

is interrupted at the moment of ignition and, thereby, generating the ignition voltage in the 

secondary winding. 

 

Figure 2-13: Magneto ignition [2] 
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2.2 Brushless direct current motor ([10],[11],[22],[24]) 

 

Brushless DC motors, or more precisely called brushless permanent magnet synchronous 

motors, possess electromagnets and permanent magnets. The electromagnets are on the non-

rotating part of the motor, which is usually in the motor housing for conventional motors, with 

the permanent magnets on the rotor which is around the motor shaft. Hub motors have the 

permanent magnets on the rotating part on the outside and the electromagnets on the fixed center 

part. The electromagnets are on both types organised in groups of three and powered 

sequentially for the creation of a rotating field to drive the permanent magnets. 

 

Figure 2-14: BLDC motor [22] 

 

2.2.1 Torque, Power and Efficiency 

 

A current-carrying wire placed in a magnetic field is experiencing a force. This force F is a 

product of the current I in the wire, the length l of the conductor, and the magnetic flux density 

B from the magnetic field. 

𝐹 = 𝐵 ∗ 𝐼 ∗ 𝑙 (2-25) 

In order to generate torque T, the current-carrying conductor is moving in a circular path of the 

radius r. Hence, the torque characteristic of the motor depends on the number of conductors 

and on the current flowing through them. 

𝑇 = 𝐹 ∗ 𝑟 (2-26) 

The mechanical power Pmech is then calculated from the torque T and speed n. The electrical 

power Pel is a product of the voltage U and the current I. 

𝑃mech = 𝑇 ∗ 2𝜋 ∗ 𝑛 (2-27) 

𝑃el = 𝑈 ∗ 𝐼 (2-28) 

Since every energy conversion has losses, the mechanical power Pmech and the electrical power 

Pel are not equal. The ratio of those two is forming the efficiency. Depending if the electrical 

machine is working as a motor or generator this efficiency is calculated as follows: 
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𝜂motor =
𝑃mech

𝑃el
 (2-29) 

𝜂generator =
𝑃el

𝑃mech
 (2-30) 

 

2.2.2 Number of poles and electrical turn 

 

The number of poles of permanent magnet pairs is an important characteristic of the BLDC 

motor. If the number of pole pairs is one, then the mechanical turn of the shaft is equal to the 

electrical turn. In most cases, this number is larger than one and one mechanical turn equals 

two, three or more electrical turns. One electrical turn is defined as a full 3-phase cycle of the 

motor electromagnets. This full 3-phase cycle causes the rotor to rotate to the next permanent 

magnet pole. For a given rate of change on the winding phase, an increase of the pole pairs 

provokes the motor to spin more slowly. 

 

2.2.3 Commutation 

 

Brushless DC motors do not use, compared to conventional DC motors, brushes for commuting 

the electromagnets. The commutation instead is done by the motor controller. The controller 

applies current to each of the three motor windings in sequence to get the rotor spinning. In 

order to generate a rotating magnetic field in the motor windings, two methods have to be 

distinguished: 

• Trapezoidal commutation 

• Sinusoidal commutation 

In each of the two commutation methods, a method is provided that detects the actual position 

of the rotor for synchronisation of the generated rotating field. The actual position is detected 

by hall sensors, encoders or in a sensorless mode (only for trapezoidal). 

2.2.3.1 Trapezoidal commutation 

On the trapezoidal commutation, the controller is applying current to two of the three motor 

conductors. One wire is supplied with current in turn direction, the other with current in 

alternating direction. The six possible current flow combinations result in a change in the rotors 

magnetic field every 60 degrees of an electrical turn. In order to apply current to the correct 

winding, the controller must be aware of the rotor position in relation to the electromagnets. 

This can be done by using three Hall sensors to detect the position of the rotor. Figure 2-15 

shows the state of the Hall sensors and the corresponding direction of the current in each motor 

winding. Furthermore, in Figure 2-15, the output torque curve can be seen. This torque curve 

shows six torque ripples per electrical rotation. Those torque ripples are due to the trapezoidal 

commutation where only two phases at a time are powered and a position information from the 

Hall sensors is provided every 60 degrees of electrical cycle. At high speeds those torque ripples 

are less, moreover, the 6-step commutation has a better power density compared to sinusoidal 

commutation. 
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Figure 2-15: Hall sensor sequence, output torque and direction of current [37] 

2.2.3.2 Sinusoidal commutation 

Since sinusoidal commutation was not examined in this master thesis, reference is made to the 

literature for further information [22]. 

 

2.3 Hybrid drive ([9],[11],[36]) 

 

A hybrid drive contains at least two propulsion units, which often have a separate energy supply. 

In many cases, the hybrid drivetrain is a combination of a combustion engine and an electric 

drive system. Other possible systems are, e.g., flywheel concepts or air pressure motors. In 

order to distinguish between the various hybrid configurations, three different categories have 

become established in the automotive field: the parallel, the serial and the power-split or 

combined hybrid (Figure 2-16). 

 

2.3.1 Parallel hybrid 

 

On the parallel hybrid systems both, the ICE and the EM, are driving the system. The parallel 

hybrid can be further categorised, depending on how the ICE and EM are connected, 

respectively how they are driving the system. In the simplest version, the ICE and EM are 

directly coupled with the possibility of disconnecting. On some parallel hybrid configurations, 

the ability to drive the system via the ICE or EM only is given. The main advantages of the 

parallel hybrid are the compact design, low complexity and high-power-density. 
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2.3.2 Serial hybrid 

 

Serial hybrid systems feature no mechanical transmission between the ICE and the drive. The 

ICE is coupled to an EM which is working as an electric generator to charge the ESS. A second 

EM is powered by the ESS and is driving the system. So, the ESS is working as an energy 

buffer and as power supply for driving the EM. The main advantage of this system is that the 

ICE can run on constant speed, thus at its highest possible efficiency. 

 

2.3.3 Combined hybrid (power-split) 

 

The combined hybrid system includes a power-split device, which allows power paths from the 

ICE and the EM to the drive. Hence, the ICE and the EM can drive independently or 

synergetically. The idea behind this is to decouple the power demanded from the user of the 

power supplied by the system. Therefore, the combination of the parallel hybrid and the serial 

hybrid configuration is possible. 

 

 

Figure 2-16: Different hybrid configurations [36] 
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3 Test carrier and controller 

 

In this section, the utilised test carriers and their technical data are presented. Furthermore, the 

ECUs for controlling the ICE and the EM are described. 

 

3.1 STIHL 4-Mix engine 

 

The utilised combustion engine is a four-stroke spark-ignition engine with external mixture 

formation out of a leaf blower (Figure 3-1). 

 

Figure 3-1: 4-Mix engine from STIHL BR 600 leaf blower [16] 

The engine is equipped with a conventional diaphragm carburettor and a magneto ignition. 

Unlike conventional four-stroke engines, the STIHL 4-Mix engine is mixture lubricated. Hence, 

the engine is fuelled with the same gas/oil mixture as conventional two-stroke engines. A 

complete lubrication of the crank drive is ensured via a special by-pass channel in the cylinder 

head. [32] 

 

Figure 3-2: Mixture lubrication on the STIHL 4-Mix engine [13] 
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During the upward movement of the piston (7), a negative pressure is building up in the 

crankcase (6) (right side in Figure 3-2). The negative pressure is sucking fuel-oil mixture from 

the carburettor through the intake channel (1) via the by-pass bore (2) into the valve train (3). 

From the valve train the lubricant enters the crankcase (6) through the channels of the pushrods 

(4) via the cam wheel housing (5). [13] 

If the piston (7) moves downwards, the fuel-oil mixture is conveyed back into the intake port 

(1) and then into the combustion chamber by the resulting overpressure in the crankcase (left 

side in Figure 3-2). In this way, the oil constantly circulates in the engine, wetting all moving 

engine parts and providing appropriate lubrication. [13] 

Due to the special crankcase breathing, position-independent operation is possible. In addition, 

components such as oil pump, oil reservoir, oil pan and oil filter are omitted, which keeps the 

maintenance effort low compared to conventional four-stroke engines. Only the valve clearance 

has to be checked from time to time. [13] 

The technical data of the ICE is listed below. 

cylinder single cylinder air cooled 

displacement 64.8 cc 

max. power 2.8 kW 

max. speed 9000 rpm 

lubrication mixture lubrication 

Table 3-1: Technical data STIHL BR 600 [30] 

 

3.2 STIHL BLDC motor 

 

The used brushless direct current motor is supplied by STIHL (Figure 3-3). The stationary part 

of the EM, the stator, is in the middle of the motor, the rotating part, the rotor, is on the outside. 

The technical specifications of the EM are listed in the following table. 

 

Figure 3-3: BLDC motor supplied by STIHL [5] 
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configuration three phases in delta configuration 

voltage 36 V 

max. power 1.8 kW 

max. speed 12000 rpm 

number of pole pairs 3 

number of windings 9 

Table 3-2: Technical data STIHL BLDC motor 

 

3.3 MoTeC 

 

The MoTeC M150 ECU is used to control the modified ICE (cf. 4.2.2), specifically to control 

the battery coil ignition and the M-tronic carburettor. The ECU has several injector, ignition 

and auxiliary outputs, as well as different digital and analog inputs. Only a small amount of 

those capabilities is needed to control the modified ICE. 

 

Figure 3-4: MoTeC M150 [14] 

 

3.4 RoboteQ 

 

The RoboteQ SBL2360 is an ECU for controlling brushless DC motors. The maximum supply 

voltage is 60 V and the peak output current is 60 A. It uses Hall sensors or Encoders to measure 

speed and travelled distance. The motor can be operated in different modes (open or closed loop 

speed mode, position mode or torque mode). It supports trapezoidal and sinusoidal 

commutation (cf. chapter 2.2.3). [21] 

 

Figure 3-5: RoboteQ SBL2360 [20] 
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3.4.1 Motor control modes [22] 

On the open loop speed mode, the controller gives power proportional to the operator’s 

command. The speed of the motor is not measured, thus, when an external load is applied, the 

motor slows down. 

 

Figure 3-6: Open loop mode [22] 

The closed loop speed mode ensures that the operator’s requested motor speed is met precisely. 

If a change in the load occurs, the controller automatically adapts the power output to keep the 

motor at a constant speed. 

 

Figure 3-7: Closed loop speed mode [22] 

For the closed loop torque mode, the motor is controlled in order to reach the desired amount 

of torque, with the speed being neglected. This constant torque is achieved by the usage of the 

motor current for the feedback. 

 

Figure 3-8: Closed loop torque mode [22] 

The closed loop position modes are not described in this master thesis, since they were not 

examined, but reference is made to the literature for further information [22]. 
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4 Test-bench setup 

 

In this chapter, the test-bench setup, starting from the design until the final measuring setup, is 

displayed. 

 

4.1 Design 

 

4.1.1 Boundary conditions 

 

The goal of this design was a simple engine mounting and connection to the brake that fulfil 

the following boundary conditions: 

• Able to mount the ICE and auxiliary parts 

• Able to hold the hybrid system (ICE + EM) 

• Simple to manufacture 

• Simple height adjustment for alignment of ICE to brake 

• Easy accessibility to the engine 

• Possibility to implement a cooling system for the ICE 

• Low inertia of the rotating parts (coupling parts and clutch) 

A centrifugal clutch that disconnects the ICE from the eddy-current brake of the test bench 

should ensure an easy starting of the ICE. The centrifugal clutch has to disengage while the 

engine is idling and to engage when the engine is reving up. Furthermore, some damping 

between the ICE and the eddy-current brake shall smoothen the torsional vibrations coming 

from the combustion engine. 

 

4.1.2 Three different engine setups 

 

As aforementioned, the design must be able to keep the ICE only configuration, the modified 

ICE and the hybrid system. All the three different configurations reveal that using the four 

original engine mounting points is possible (cf. Figure 4-1). Two additional mounting points 

for the intake box are needed. All six mounting points are roughly on the same plane which 

opens up the possibility to use a straight plate together with distance bushings for bolting the 

engine. Furthermore, a cut-out in the mounting plate for the crankshaft is needed (cf. Figure 

4-6). 

Figure 4-2 displays the differences between the reference ICE and the modified ICE. A change 

is made from the original diaphragm carburettor to the M-tronic carburettor. The M-tronic 

carburettor is utilised to gain the possibility of a fuel cut-off which is needed for the operational 

strategy of the hybrid system (cf. [36]). In addition, the magneto ignition is swapped for a 

battery coil ignition. The change of the ignition system is done as a preparation step for the 

hybrid system (see Figure 4-3 incl. the corresponding description above it) 
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Figure 4-1: Mounting points ICE and air intake box 

 

 

Figure 4-2: Differences between reference ICE and modified ICE 
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In Figure 4-3, the required changes for joining the EM with the ICE are shown. In order to 

mount the EM rotor on the crankshaft, the pull starter and the flywheel are removed. Since the 

removed flywheel, together with its permanent magnets and the removed ignition module, are 

generating the energy for the ignition system, the magneto ignition system can no longer be 

used. Due to this, the change to the battery coil ignition was inevitable for the hybrid system. 

 

Figure 4-3: Changes from modified ICE to hybrid system 

 

4.1.3 Test bench 

 

The test bench is equipped with an eddy-current brake for breaking the torque of the ICE, 

respectively the torque of the hybrid powertrain. A threaded plate enables the installation of the 

engine mounting plate, as well as the fixation of auxiliary parts. An alignment part from another 

project was already bolted to the threaded plate and should stay in position. 

 

Figure 4-4: Test bench 
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The eddy-current brake and the threaded plate are fixed and cannot be moved. Those frame 

conditions led to the following design for setting up the engine on the test bench. 

 

4.1.4 ICE mounting plate 

 

As mentioned in chapter 4.1.2, the possibility to use a simple straight plate for mounting the 

engine is given. Another plain plate is building the base plate. Two additional stiffening plates 

reinforce the ICE mounting assembly (Figure 4-5). An opening in the mounting plate allows 

the crankshaft to pass through. This opening was enlarged to gain more space for the cooling 

fins. Due to the alignment part from another project that has to stay on the test bench (Figure 

4-4), a cut out in the base plate was made. In Figure 4-6 the cut out in the base plate together 

with the alignment part are depicted. 

All four plates have been cut by water jet cutting and welded into a robust structure for carrying 

out the measurements. 

 

Figure 4-5: Assembly for mounting the ICE 

Four bolts are screwed to the base plate to enable a height and angular adjustment of the ICE 

relative to the test bench. After adjusting the assembly, the four bolts are secured against self-

loosening with locking nuts (Figure 4-6). 
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Figure 4-6: Assembly for mounting the ICE (incl. bolts) 

Figure 4-7 presents the test bench together with the ICE mounting assembly. The assembly is 

able to move on the threaded grid plate to enable an easy alignment of the ICE. The crankshaft 

of the ICE and the shaft on the eddy-current brake are aligned so that they meet on the same 

axis. Once the whole assembly is aligned, it is clamped to the threaded grid plate with four 

clamping claws. 

 

Figure 4-7: Test bench together with ICE mounting assembly 

Figure 4-8 shows the ICE installed on the test bench. It can be seen that the shaft of the ICE 

and the shaft of the eddy-current brake are aligned in order to be coaxial. 
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Figure 4-8: Test bench together with ICE 

In Table 4-1, the bill of materials for this subassembly can be seen. The three different mounting 

plates are fabricated by water jet cutting. The further manufacturing steps and the welding of 

the parts were done in-house. Together with the ICE, the bolts and distance bushings, this is 

forming the first subassembly. 

 

Table 4-1: BOM – ICE mounting plate 
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4.1.5 Connection between the crankshaft and the eddy-current brake 

 

The crankshaft and the shaft of the eddy-current brake need to be connected in order to transfer 

the torque of the ICE, respectively the hybrid system. To ensure an easy start of the ICE with 

the pull starter, a centrifugal clutch is installed between the two shafts. This centrifugal clutch 

is also used on the hybrid system for the same reason of easy starting. The clutch must disengage 

the two shafts while the engine is idling and engage when the ICE is reving up. 

Due to torque ripples generated by the internal combustion engine, a damper which smoothens 

the torsional vibrations is needed. The damping device is required to transfer the nominal and 

peak torque of the system, but also to have low inertia. Considering those requirements, an 

elastomer jaw coupling made out of aluminium is used. 

In Figure 4-9 the clutch assembly (connection between the ICE and eddy-current brake) is 

depicted as exploded drawing. 

 

Figure 4-9: Connection between crankshaft and eddy-current brake 

The one end of the crankshaft (1) has a right-handed thread, usually used for mounting the 

blower wheel of the tool. The centrifugal clutch (3), the needle bearing (4) and the bell housing 

(5) are parts from a chainsaw, provided by STIHL. In order to assemble those parts, an adaptor 

(2) was manufactured. The adaptor (2) is screwed to the crankshaft (1) and the centrifugal clutch 

(3) is screwed to the adaptor. Since the crankshaft (1) has a right-handed thread and the 

centrifugal clutch (3) is provided with a left-handed thread, the clutch (3) and the adaptor (2) 

are in addition welded together to prevent self-loosening. The bell housing (5) and the needle 

cage assembly (4) run directly on the adaptor (2). A washer (6) and a circlip (7) impede that the 

bell housing (5) can detach from the adaptor (2). 

To join the bell housing (5) with the jaw clutch (9), an adaptor part (8) is needed because of the 

spline-shaft profile of the bell housing. This adaptor part (8) is manufactured by wire eroding 

to fit exactly to the spline-shaft profile of the bell housing (5). A shoulder for centering and six 

threads for bolting the jaw clutch (9) are machined in the adaptor part (8). Six boreholes laying 

on the same pitch circle are machined in the jaw clutch (9). The jaw clutch (9) is then bolted to 

the adaptor part (8) with cylinder head screws (10). The other jaw clutch (12) is featured with 

a feather key groove and a clamping bolt to mount it directly on the shaft of the eddy-current 

brake (13). The two jaw clutches (9, 12) are then connected with the elastic spider (11) to 

transfer the torque and to smoothen torsional vibrations. 

Figure 4-10 shows the assembled connection between crankshaft and eddy-current brake. 
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Figure 4-10: Connection between crankshaft and eddy-current brake (assembled) 

In Table 4-2, all the parts needed for the small clutch assembly are shown. The centrifugal 

clutch, the bell housing and the needle bearing are all parts provided by STIHL. The adaptor 

was manufactured in-house. In order to meet the required tolerances of the spline-shaft profile 

for the adaptor part that fits on the bell housing, this part was manufactured by wire eroding. 

Further manufacturing steps on this part and the elastomer jaw coupling were done in-house. 

 

Table 4-2: BOM – small clutch assembly 
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Figure 4-11: Sectional drawing of the clutch assembly 

In Figure 4-11, a sectional drawing of this clutch assembly can be seen. The numbering 

corresponds to the numbering in Figure 4-9. 

By means of the sectional drawing, the torque flow of the clutch assembly can be explained. In 

the right sectional drawing in Figure 4-12 the torque flow from stall till idle speed is displayed. 

Idle speed is around 2500 rpm. At 3500 rpm the centrifugal clutch (3) starts to engage with the 

bell housing (5). At 5000 rpm the centrifugal clutch is fully engaged and the torque is transferred 

to the eddy-current brake (left side in Figure 4-12). 

Up to idle speed only the adaptor (2), the centrifugal clutch (3) and the needle bearing (4) are 

spinning. Therefore, no torque is transmitted to the eddy-current brake. From 3500 rpm upwards 

the centrifugal clutch starts to engage and to transfer torque to the brake. This means that the 

centrifugal clutch (3) starts to interact with the bell housing (5). The bell housing (5) has a rigid 

connection to the adaptor part (8). On the adaptor part (8) the jaw clutch (9) is flange-mounted 

with six bolts (10) and transfers the torque with the aid of the elastic spider (11) and the jaw 

clutch (12) to the eddy-current brake (13). 

 

Figure 4-12: Sectional drawing of the clutch assembly including the torque flow 
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As mentioned above, the elastomer jaw coupling is required to transfer the nominal and peak 

torque of the system, but also to have low inertia. The low inertia opens up the possibility to 

drive dynamic load cycles. This was not examined in this master thesis, but the design has to 

fulfil this requirement (cf. chapter 1.3). To gain this very low inertia, the smallest possible 

elastic jaw coupling was chosen (left side in Figure 4-13). Since this first design of the elastomer 

jaw coupling had to be made with a very small safety margin, a second design with a bigger 

elastomer jaw coupling was prepared (right side in Figure 4-13). 

 

Figure 4-13: Comparison of the two clutch assemblies 

The elastomer jaw couplings have different torque limits, depending on the shore hardness of 

the used elastic spider. In Table 4-3, the nominal torque and the peak torque of those couplings 

are listed. 

 
Shore hardness of 

elastic spider 
Nominal torque Maximum torque 

Small elastomer jaw 

coupling 

(left side in Figure 4-13) 

92 SH A 10 20 

98 SH A 17 34 

64 SH D 21 42 

Big elastomer jaw 

coupling 

(right side in Figure 4-13) 

92 SH A 35 70 

98 SH A 60 120 

64 SH D 75 150 

Table 4-3: Torque rating of the elastomer jaw couplings [18] 

The nominal torque of the combustion engine amounts to 3.8 Nm (cf. Figure 5-2). The instant 

torque peaks are up to 11 times higher than the nominal torque (cf. Figure 2-1), resulting in 

torque spikes around 42 Nm. The maximum torque that the small elastomer jaw coupling can 

transfer is 42 Nm (Table 4-3). Those 42 Nm get reduced if the alignment of the two shafts is 

poor, as well as it decreases when the temperature rises above ambient temperature (cf. 

Appendix - RINGFEDER Elastomer Jaw Couplings [18]). This means that there is no safety 

margin left with the small elastomer jaw coupling. Due to those factors, the small coupling 

lasted only for a very short time during the experiments and a change to the bigger coupling 

was inevitable. 
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In Table 4-4 the BOM for the large clutch assembly can be seen. 

 

Table 4-4: BOM – large clutch assembly 

Figure 4-14 illustrates the design for the ICE measurements with the big elastic jaw coupling. 

The next step for starting the measurements was to find a place for a speed and position sensor. 

 

Figure 4-14: Baseline ICE setup with big elastomer jaw coupling 
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4.1.6 Magnetic speed sensor 

 

A sensor for measuring the speed of the crankshaft and especially for finding the position of 

the TDC was needed. This sensor is crucial for the cylinder-pressure indication and for the 

ignition timing on the hybrid (cf. 4.2 Measuring setup). The selected sensor is a magnetic 

sensor. It is a passive device requiring no external power supply. The alternating output voltage 

is a result of the self-induced magnetic field caused by nearby moving ferrous metal parts [23]. 

As ferromagnetic part, a gearwheel made of steel is used. The gearwheel has 35 teeth with one 

missing tooth (35-1). The missing tooth is necessary to determine the TDC. 

In Figure 4-15, the magnetic speed sensor (1) together with its mounting panel (2) is shown. 

The mounting panel (2) is bolted to the ICE mounting plate (4) with two bolts (5) and nuts (6). 

The gearwheel (3) is mounted on the crankshaft (7) with a retaining compound (Loctite 601) 

and secured with a headless screw. 

 

Figure 4-15: Magnetic speed sensor assembly 

Figure 4-16 displays the mounted magnetic sensor together with the gearwheel installed on the 

crankshaft. With this sensor installed and adjusted, the first starts of the ICE were carried out. 

 

Figure 4-16: Magnetic speed sensor mounting 
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4.1.7 Cooling 

 

After the first runs of the baseline ICE setup, high engine temperatures were detected and 

cooling had to be designed. For a better understanding of the problem, the full blower tool and 

its fan casing were investigated in terms of air cooling. When examining the fan housing, it was 

discovered that parts of the blower airflow are diverted to cool the engine (left side in Figure 

4-17). Those airflows are redirected by the fan casing to escape to the exhaust side after cooling 

the engine (right side in Figure 4-17). 

 

Figure 4-17: Fan casing of the full blower tool 

Taking into account the knowledge gained about the cooling of the full blower, a cooling system 

for the combustion engine was designed. The cooling airflow is provided by an external fan 

together with plastic pipes to direct the flow to the engine (cf. Figure 4-20). The positioning of 

those plastic pipes is depicted in Figure 4-18 (red arrows on the right). 

 

Figure 4-18: Cooling flow 
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In order to direct the airflow around the ICE, the fan casing was cut to get a small cooling 

shroud (Figure 4-19). Since the fan casing and the mounting plate are using the same bolt 

pattern, no additional bolts for the cooling shroud are required (cf. Figure 4-18). 

 

Figure 4-19: Cooling shroud 

Figure 4-20 shows the three cooling pipes. The main airflow (1) is going to the front of the 

engine and to the clutch assembly for cooling the elastomer jaw coupling (cf. Appendix - 

RINGFEDER Elastomer Jaw Couplings [18] – temperature factor). One airstream is pointing 

at the top of the engine (2) and the last cooling pipe is blowing air from the intake side (3). Due 

to the cooling shroud, the hot air is escaping only to the exhaust side. 

 

Figure 4-20: Cooling pipes 

Since the power for the cooling is coming from an external source and not from the engine, it 

must be taken into account both in the simulation model and when building a prototype (cf. 

chapter 7 Outlook). 
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4.1.8 Electric Motor coupling – first design 

 

The first design for coupling the EM to the ICE is kept small in size and weight to obtain the 

possibility of building a prototype. For this hybrid design, the pull starter is removed, as it is no 

longer needed. The flywheel and the ignition coil are removed as well and replaced by the 

battery coil ignition system (cf. Figure 4-3). The gained space on this side of the ICE is used to 

couple the EM. The rotor of the EM shall be directly fastened on the crankshaft. Therefore, the 

EM is disassembled to have the rotor and the stator separately. In order to mount the EM rotor 

(1) on the crankshaft (5) an adaptor part (2) is needed (Figure 4-21). The adaptor part (2) is 

provided by STIHL and fits to the cone and the feather key groove of the crankshaft (5). The 

adaptor (2) and the rotor (1) are connected with a press fit and secured with three bolts (3). This 

assembly consisting of rotor (1), adaptor (2) and bolts (3) is put on the crankshaft (5) and 

tightened with the nut of the flywheel (4) (cf. Figure 4-23). 

 

Figure 4-21: Coupling of the EM rotor to the crankshaft 

In order to mount the stator (1) on the ICE, a mounting plate (2) is required (Figure 4-22). The 

stator (1) is centred on the mounting plate (2) and tightened with three bolts (3), washers (4, 5) 

and nuts (6). The stator (1) and the mounting plate (2) are then bolted in the place where the 

pull starter used to be, with three threaded rods (7). To keep the required distance between the 

ICE and the stator (1), three distance bushings (8) of the same length are used. The assembly is 

afterwards fastened with three washers (9) and nuts (10). 

 

Figure 4-22: Coupling of the EM stator to the ICE 
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The air gap between the rotor and the stator is 0.3 mm in the assembled state of the EM. Due to 

this small air gap, a possibility for aligning the rotor and the stator had to be discovered. Since 

the crankshaft (1) has a center hole on this engine side, a possible way for the alignment was 

found (Figure 4-23). The shaft of the EM (2), which is no longer needed, is used for the 

alignment. A cone fitting to the center hole of the crankshaft (1) was machined to the EM shaft 

(2). Furthermore, a threaded sleeve (3) was machined and pressed into the stator (4). The same 

threading was machined to the EM shaft (2) and the shaft got bolted to the threaded sleeve (3). 

Thus, the EM shaft (2) is centred in the stator (4) via the threaded sleeve (3) and the needle 

sleeve (5). By loosening the nuts (6) and screwing the shaft (2) until it touches the center hole 

of the crankshaft (1) the EM stator is aligned. The nuts (6) are tightened and the EM shaft (2) 

is screwed away from the crankshaft (1). To prevent the EM shaft (2) from contacting the 

crankshaft (1) while the ICE is running, the shaft (2) is secured with a locking nut (7). 

 

Figure 4-23: EM alignment 

The bill of materials for the first EM design (Table 4-5) shows all the required parts and 

manufacturing steps. The EM and the rotor connector are provided by STIHL. After 

disassembling the EM, the shaft is machined in-house and the rotor is machined to fit to the 

rotor connector. The mounting plate, distance bushings and threaded sleeve are machined in-

house as well. Together with the bolts, nuts and washers this is forming the fourth subassembly. 
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Table 4-5: BOM – EM, first design 

 

4.1.9 Electric Motor coupling – second design 

 

The second design was prepared for the purpose of test bench investigation, where the weight 

and size are not relevant. On this design, the EM stays assembled and the shaft of the EM rotor 

(1) is connected to the crankshaft (2) (cf. Figure 4-24). To allow some misalignment between 

the crankshaft (2) and the shaft of the EM rotor (1), and to avoid distortion of the bearings, an 

elastic jaw coupling (3, 4, 5) is used. The jaw clutch (3) is joined with an adaptor part (6) and 

three bolts (7). This assembly fits to the crankshaft (2) and is secured with a nut (8) (similar to 

Figure 4-21). The other jaw clutch (5) is pressed to the shaft of the EM rotor (1). The EM stator 

(9) is bolted to the mounting plate (10) with three bolts (11), washers (12) and nuts (13). For 

the final connection of the two shafts, three threaded rods (14) and three distance bushings (15) 
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are used to keep the mounting plate (10) in the correct distance. The whole assembly is then 

tightened with three washers (16) and nuts (17) (similar to Figure 4-22). 

 

Figure 4-24: Coupling of the EM to the ICE 

Table 4-6 is showing the BOM for the second EM design. The elastomer jaw coupling was 

ordered and the further manufacturing steps were done in-house in order to be joined with the 

rotor connector from STIHL. Together with the mounting plate, distance bushings and the 

remaining small parts this is forming the fifth subassembly. 

 

Table 4-6: BOM – EM, second design 
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4.2 Measuring setup 

 

In this subchapter, the setup for the measurements and the used measurement equipment for 

capturing the data is explained. 

 

4.2.1 Reference ICE 

 

The reference ICE (cf. 3.1) together with the designed and manufactured parts are mounted on 

the test bench. In Figure 4-25, the measurement setup for the reference measurements of the 

ICE is displayed. 

 

Figure 4-25: Measurement setup for reference ICE 
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All the necessary sensors and actuators for carrying out the measurements have been installed 

and/or connected to the test bench (see table below). 

sensors and 

measuring 

devices 

Lambda probe 

Hot-film air-mass sensor 

Coriolis mass flow meter (fuel) 

Thermocouples for spark plug, intake air and exhaust gas temperature 

Potentiometer for the throttle position 

Magnetic sensor for TDC and CA 

Piezoresistive sensor for cylinder pressure 

Amperemeter for spark advance 

actuator Servomotor for adjusting the throttle 

emission 

measuring 

system 

CLD for NOx measurements 

FID for HC measurements 

NDIR for CO and CO2 measurements 

PMD for measuring oxygen content 

Table 4-7: Sensors and actuators for carrying out measurements 

As it can be seen from Figure 4-25, the measured data is divided into two groups: 

• averaged data 

• CA dependent data 

4.2.1.1 CA dependent data  

The CA dependent data are captured with a DEWE-800 from DEWETRON. For measuring the 

CA, a magnetic sensor together with a gear wheel (Figure 4-27) is used. The gearwheel has one 

missing tooth which is necessary to determine the TDC. The TDC alignment is required for the 

pressure indication system. In order to detect the offset between the TDC and the missing tooth, 

a capacitive probe is used. The probe is screwed to the ICE instead of the spark plug. Then the 

engine is brought to a constant speed with the usage of an additional electric drive and the signal 

of the capacitive probe is recorded on the DEWE-800. Hence, the geometrical TDC of the 

engine is determined. 

The pressure indication of the combustion chamber is done with a piezoresistive pressure sensor 

(Figure 4-26). To capture and analyse this signal, the software DEWEsoft 7 is utilised. From 

the pressure signal the MFB, combustion abnormalities, peak pressure and other combustion 

properties may be investigated. By averaging the data over several cycles, the IMEP, 

IMEP_COV and 50% MFB are calculated. 

A current clamp for measuring the ignition signal over the crank angle is employed. Via this 

ignition signal, the spark advance is determined. 
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4.2.1.2 Averaged data 

The software Tornado from KS Engineers is capturing the data with a sampling rate of 10 – 100 

Hz over the period of one measuring point. The measured data is averaged and saved. The 

averaged data from DEWE-800 is sent to Tornado and saved as well. 

Tornado is controlling the speed of the engine via the eddy-current brake. At the eddy-current 

brake from the company Magtrol, the torque is measured with the aid of a force gauge. The 

other averaged data are measured with the sensors from Table 4-7. For monitoring the measured 

data of the lambda probe, the air-fuel ratio is calculated form the air and fuel mass flow. The 

emissions are measured with the exhaust gas analysers according to Table 4-7. 

 

4.2.2 ICE with modified carburettor and ignition system 

 

On the modified ICE, the measurement setup is the same as on the reference ICE with the 

enhancement of the ECU MoTeC M150. The ECU is able to control the ignition timing and 

also the excess air ratio when using the M-tronic carburettor. 

Instead of the original magneto ignition, a battery coil ignition is implemented. This change is 

done in preparation for the hybrid system (cf. Figure 4-3). The ignition coil is mounted on the 

test bench and controlled by MoTeC. In order to control the spark advance, the ECU needs the 

speed, respectively the CA signal from the magnetic sensor (cf. 4.1.6). 

To gain the possibility of a fuel cut-off and to control the excess air ratio, the original carburettor 

is changed to the M-tronic carburettor (cf. 2.1.10). For controlling the air fuel ratio, the ECU 

needs the throttle position, the CA signal and a synchronisation signal. The throttle position is 

determined by a potentiometer mounted on the carburettor. The CA signal and the 

synchronisation signal are each detected with a magnetic sensor. For the CA signal the same 

sensor as for DEWETRON is used (Figure 4-27). The synchronisation signal is taken from a 

Figure 4-27: Magnetic sensor and gear 

wheel 
Figure 4-26: Pressure sensor and magnetic 

sensor for synchronisation 



Test-bench setup  47 

 

magnetic sensor pointing at a rocker arm of the valve train (Figure 4-26). This synchronisation 

signal is required to distinguish between the gas cycle TDC and the combustion TDC. The air 

fuel ratio is then controlled via a PWM signal from the ECU. 

Figure 4-28 displays the measurement setup for the modified ICE. In comparison to the setup 

of the reference ICE, the MoTeC ECU and an application computer are added. 

 

Figure 4-28: Measurement setup for modified ICE 
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4.2.3 Parallel Hybrid System 

 

For the measurements on the parallel hybrid system, another ECU and a battery simulator as 

power source are required (Figure 4-29). The ECU from RoboteQ can control the speed or the 

torque of the EM via three hall sensors for feedback. Since the eddy-current brake is controlling 

the speed of the system, a speed control of the EM is not possible. 

 

Figure 4-29: Measurement setup for hybrid system 

The battery simulator from Regatron is connected to Tornado with a serial connector. This 

connection provides data for the voltage and the current drawn by the EM. From those numbers, 

together with the torque and speed measurement, the electric motor efficiency is calculated. 
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5 Experimental Investigations 

 

In the following chapter, the executed experimental investigations and the within acquired 

results are presented. The experimental investigation starts with comparing the WOT curve of 

the utilised ICE, to the WOT curve provided from STIHL for the same engine. After the 

comparison with the STIHL data, the ICE is characterised. For the characterisation of the ICE, 

engine maps are generated to compare the different variants with each other. Following the ICE 

characterisation, two hybrid designs are tested and measurements are carried out on the second 

design. 

All the measurements were executed with the premixed STIHL MotoMix fuel which has a 

mixing ratio of 1:50 oil to gasoline (for further information see [31]). 

 

5.1 WOT comparison with STIHL data 

 

For validating the ICE and the test-bench setup, a comparison with the data from STIHL was 

done. STIHL provided a WOT curve of the engine. For the comparison, a WOT curve with the 

original magneto ignition and a WOT curve with the battery coil ignition were measured. 

 

5.1.1 Test setup 

 

For the first WOT curve, only small changes on the engine have been made in order to meet the 

reference data of STIHL. A pressure sensor was mounted in the combustion chamber (cf. Figure 

4-26) and the air intake box was modified in order to connect the engine to the air mass flow 

measurement system of the test bench (Figure 5-1). Those two changes will remain also for all 

the other measurements carried out. 

Beside those two modifications, the ICE is unchanged as it was delivered from STIHL. This 

configuration is referred to as magneto ignition in the results. 

 

Figure 5-1: Modified air intake box 
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To evaluate if the change from the magneto ignition to the battery coil ignition has an impact 

on the engine, a WOT curve was measured. The ignition timing was set according to the original 

ignition timing for this engine. Thus, exactly as with the original magneto ignition. Apart from 

this, the ICE features the same changes as mentioned before (pressure sensor and air intake 

box.). 

 

5.1.2 Results 

 

By comparing the three WOT curves in Figure 5-2, only small differences in the high rpm 

torque are found. Those differences are in an acceptable range and are explainable with the 

implemented ignition change on the engine and, therefore, small deviations in the spark advance 

(cf. 5.2.2 Results ignition change). The constant offset in the fuel consumption and in the BSFC 

can be explained with the used fuel and a richer air-fuel ratio in the measurements of STIHL. 

The fuel used in the STIHL measurements is a mixture of gasoline (95 octane) and two-stroke 

oil, while for the herein executed measurements the premixed STIHL MotoMix was used. The 

NCV of gasoline (95 octane) amounts to 42 MJ/kg, while the NCV of STIHL MotoMix adds 

up to 44.5 MJ/kg ([2],[31]). 

 

Figure 5-2: WOT comparison 

The results obtained suggest that the changes done to the ICE (pressure sensor and air intake 

box) have only a minor impact. Furthermore, the swap from the magneto ignition to the battery 

coil ignition seems to affect the engine’s behaviour only slightly at high speeds, but further 

investigations are carried out (see subchapter 5.2). 

 

5.2 ICE characterisation 

 

In this subchapter, the ICE is characterised for three different purposes. The first purpose of the 

ICE characterisation is to check if the change of the magneto ignition to the battery coil ignition 

changed the behaviour of the engine. The second purpose is to test if the swap from the original 

carburettor to the M-tronic carburettor does alter the engine behaviour. Finally, the third reason 

for the ICE characterisation is to create engine maps in order to refine the simulation model. 
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5.2.1 Test setup ignition change 

 

The first maps were created with the original carburettor and the original magneto ignition as a 

reference. Then the ignition system got changed to the battery coil ignition. The spark advance 

of the battery coil ignition is set according to the ignition timing values supplied by STIHL for 

this engine. Thus, it is set exactly as with the original magneto ignition. This is done in order 

not to change the behaviour of the ICE. 

 

5.2.2 Results ignition change 

 

As mentioned above, the engine performance shall stay the same and, therefore, the ignition 

timing of the battery coil ignition is set to the manufacturer values. By measuring the spark 

advance with an amperemeter, similar values were identified at WOT on both ignition systems. 

Only on the point at 8000 rpm a difference of about 3 degrees CA was found between the two 

ignition systems. Since the spark advance has a major impact on the heat release characteristics, 

two heat release curves at WOT and 8000 rpm are compared (figure below). This point is also 

showing the highest difference in the torque of the WOT comparison (Figure 5-2). 

Figure 5-3 depicts the WOT heat release curve of the ICE with the magneto ignition and with 

the battery coil ignition. A difference in the amperemeter 50% MFB of about 3 degrees CA can 

be seen. Furthermore, the peak firing pressure with the magneto ignition is about 4 bar lower 

and a few degrees CA earlier than with the battery coil ignition. These differences are also 

visible in the IMEP which is 0.6 bar lower in the measurements with the magneto ignition. 

Those results are delineating the major influence that the spark advance has on the heat release 

characteristics, hence, on the pressure curve, and furthermore, on the IMEP and BMEP. Since 

the differences are generally small, it can be stated that the change of the ignition system has 

only a minor influence on the characteristics of the ICE. Furthermore, the battery coil ignition 

which will be used for the measurements on hybrid system shows very similar values at WOT 

compared to the data from STIHL. 

 

Figure 5-3: Heat release curves at 8000 rpm WOT 

In addition, the spark advance is also an important factor for the fuel consumption. To compare 

the fuel consumption, two BSFC maps are created (Figure 5-4 and Figure 5-5). 
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Both fuel consumption maps are showing a very similar behaviour of the iso lines. The region 

of the lowest BSFC is at WOT, as it was expected. The fuel consumption is quite low for a 

combustion engine for hand-held power tools. This can be explained by the use of the external 

cooling and, compared to the STIHL measurement, with the different fuel (cf. 5.1.2). The small 

areas of a higher BSFC at 2.25 Nm and 5500, respectively 6000 rpm are due to the factory 

setting of the original carburettor (cf. Figure 5-6). 

 

Figure 5-4: BSFC map magneto ignition 

 

Figure 5-5: BSFC map battery coil ignition 
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The two BSFC maps are not only for the purpose of comparison, they are also very important 

to increase the accuracy of the simulation model. 

 

5.2.3 Test setup carburettor change 

 

The second comparison is showing the swap from the original carburettor to the M-tronic 

carburettor. Same as with the ignition change, the engine behaviour shall not alter due to the 

carburettor change. For both carburettor measurements the magneto ignition is used in order 

not to distort the gained results. 

The M-tronic carburettor features a solenoid valve (Figure 2-11) which is able to control the 

excess air ratio and opens up the possibility of a fuel cut-off which was the main intention to 

use this carburettor. The fuel cut-off is needed in order to drive load cycles with the hybrid 

system where the option of an EM only operation is required. The driving of load cycles was 

not investigated in this master thesis, but the system shall provide the opportunity to do so (cf. 

chapter 7 Outlook). 

The experimental investigations carried out on the M-tronic carburettor are confined to setting 

the excess air ratio to λ = 0.8 because of the original carburettor having roughly the same 

settings. Furthermore, the STIHL 4-Mix engine possesses its optimum performance at λ = 0.8-

0.85. For those adjustments of the air-fuel ratio, the solenoid valve is controlled by the 

programmable ECU (MoTeC). The ECU is controlling this solenoid valve via a PWM signal. 

Since, the solenoid valve is generally open, the ECU is closing the valve in order to regulate 

the excess air ratio. The solenoid valve cannot be closed for too long, as lubrication of the valve 

train and crank drive must be ensured (cf. 3.1 – lubrication). 

 

5.2.4 Results carburettor change 

 

At first, the two generated excess air ratio maps (Figure 5-6 and Figure 5-7) are compared. The 

map created with the original carburettor shows that it is presumably only optimised for certain 

operating regions. Due to this, some points on the map reveal a slightly richer or leaner air-fuel 

mixture in comparison to the optimum λ = 0.8-0.85. The map measured with the M-tronic 

carburettor depicts a quite homogeneous air-fuel ratio because it was tuned using the MoTeC 

ECU. While tuning the M-tronic carburettor, fluctuations of lambda especially on points with 

higher torque were investigated. As these fluctuations could not be adequately controlled, the 

investigations on the M-tronic carburettor were terminated. Since the main reason for utilising 

the M-tronic carburettor was the fuel cut-off, no benefits are gained with this carburettor for the 

herein executed measurements on the hybrid system. Thus, for the measurements on the hybrid 

powertrain, the original diaphragm carburettor was used (cf. chapter 5.3). 
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Figure 5-6: Lambda map with original carburettor 

 

Figure 5-7: Lambda map with M-tronic carburettor 

In order to find the best operational points in terms of specific fuel consumption, BSFC maps 

are created (Figure 5-8 and Figure 5-9). Both maps are showing the same tendency of a low 

BSFC at WOT, as expected. The map of the original carburettor is showing small areas of a 

higher BSFC at 2.25 Nm from 5500 up to 7500 rpm. Those areas are due to the factory settings 

of the original carburettor (Figure 5-6). The gained results are important for the hybrid system 

as the strategy is to run the ICE at its best operational line, thus highest efficiency (cf. Figure 

1-8). Furthermore, the maps will be used to refine the simulation model. 
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Figure 5-8: BSFC map with original carburettor 

 

Figure 5-9: BSFC map with M-tronic carburettor 
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In Figure 5-10, the CO and HC emission maps for the M-tronic carburettor (a, b) and for the 

original carburettor (c, d) are shown. Similar to the fuel consumption, the emissions have their 

best regions at WOT. Since the excess air ratio is quite rich, the CO emissions are making the 

biggest part of the pollutants. 

In the CO and HC emission maps of the original carburettor (c, d), the pattern of the lambda 

map can be recognised (Figure 5-6). This pattern is showing in the middle torque area a lambda 

between 0.72 and 0.74, thus a richer air-fuel ratio than in the rest of the map. Due to these richer 

areas the CO and HC emissions are higher in those points. A similar behaviour can be seen at 

7000rpm and low torque where lambda is rich and therefore the CO and HC emissions are 

higher compared to the rest of the maps. 

The CO and HC emission maps measured with the M-tronic carburettor reveal a pattern that is 

again very similar to the lambda map (Figure 5-7). In the low torques the lambda is going from 

lean to rich, hence the HC and CO emissions are moving from lower to higher values. These 

correlations are excellently displayed at 6000 rpm between 2.5 and 3 Nm. In this area the 

lambda is jumping from 0.78 to 0.86. Since the CO emissions are highly dependent on the air-

fuel ratio, a jump from 400 to 200 g/kWh can be seen. The HC emission are showing similar 

tendencies, but not so clearly. In general, the emission maps of the M-tronic carburettor are 

conform to the identified lambda fluctuations, as described at the beginning of chapter 5.2.4. 

This applies in particular to the high torque range. 

It must be mentioned that the delineated emission maps are showing the brake specific 

emissions. This means that the values in these maps are dependent on the output power, hence 

they are high in the low power range, compared to the volumetric exhaust emissions. 

The NOx emissions are, due to the rich air-fuel ratio of λ = 0.8, which results in a low 

combustion temperature, very small, therefore negligible and not shown. 
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Figure 5-10: Brake specific CO and HC emissions 
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5.3 Parallel Hybrid System 

 

Two different designs were examined on the parallel hybrid system. On both designs the ICE 

and the EM are directly coupled with no intermediate clutch (cf. 4.1.8 and 4.1.9). In line with 

these framework conditions, the test setup was defined as follows. 

 

5.3.1 Test setup 

 

In order to determine if the EM is able to start the ICE, measurements on the start-up have been 

carried out (5.3.3.1 Results from start-up). For those measurements, the engine was dragged 

without igniting. 

To investigate whether the operating strategy from chapter 1.3 (left side in Figure 5-11) having 

the ICE at constant throttle and using the EM as a torque balancer is working with the built 

system, measurements were carried out using the method depicted on the right side in Figure 

5-11. 

To start those measurements, the EM is powered and starts to rotate which cranks up the ICE. 

Once the engine is started, it is reving up the system to 5000 rpm (speed at which the centrifugal 

clutch is fully engaged). The torque of the EM is set to zero and the ICE is set to a certain 

throttle angle. With these settings, the first point, where only the ICE delivers torque, is 

measured. For the next measurement points, the speed and the throttle angle are held constant 

and a positive or negative EM torque, in 0.5 Nm steps, is added. This results in one reference 

point where only the ICE delivers torque and in some points where the EM adds or subtracts 

torque (maximum six points). 

 

Figure 5-11: Operating strategy [36] and method for hybrid powertrain measurements 

For the measurements, the ICE is equipped with the original diaphragm carburettor and the 

battery coil ignition controlled by MoTeC. The M-tronic carburettor was not used for the 

measurements, hence no fuel cut-off was possible. Since only steady-state points are measured, 

a fuel cut-off is not required. This means that no benefit would be gained with the M-tronic 

carburettor. 

For controlling the EM, the RoboteQ ECU and the Regatron battery simulator were used. The 

battery simulator acts as a current source or an electrical load for the EM, depending if torque 

is added or subtracted. The EM torque is controlled by the RoboteQ ECU in a closed loop torque 

mode (cf. 3.4.1) and features a trapezoidal commutation (cf. 2.2.3). With those settings, the 

measurements were executed as already described above with the ICE at constant speed and 

throttle angle, and the EM adding positive or negative torque. 
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5.3.2 First design results 

 

On the first design with the separated EM rotor and stator, no measurements have been made 

due to the following problems: 

• The rotor and the stator touched each other at high rpm. This was probably caused by 

wobbling of the rotor due to its cantilevering connection to the crankshaft (Figure 5-12). 

Another possible reason is the production accuracy of the rotor-connector (No. 3 in 

Table 4-5). Since on this part the cone and the woodruff key together are milled from 

the solid, production tolerances are difficult to be accomplished. In addition, the 

tolerances on the stator mountings (No. 6 in Table 4-5) may be too imprecise and cause 

misalignment. 

• Too much heat was coming from the exhaust muffler, hence the rotor was getting too 

hot and the permanent magnets lost their full magnetic force. This was noticed after a 

few test-runs with this configuration. 

 

Figure 5-12: Crankshaft together with EM rotor 

 

5.3.3 Second design results 

 

The second design overcomes the two problems of the first design. For solving the problem of 

wobbling, the EM remains assembled with its shaft and bearings. In order to resolve the heat 

issue, the EM assembly is mounted with some distance to the ICE, and exhaust muffler 

respectively, to avoid thermal problems at the permanent magnets. 
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5.3.3.1 Results from start-up 

 

In the course of the hybrid system measurements, the data of the start-ups have been recorded. 

The start-up of the hybrid system is the time from when the EM is powered, until the ICE is 

firing. In this case, the ICE was only spinning and not fired in order to have a closer look at the 

start-up process and its required power and energy. Over this time period the speed, phase 

current, battery current and battery voltage were measured. Those time-based measurements 

have been carried out with the software of the RoboteQ ECU. 

Figure 5-13 delineates the recorded data from the start-up measurements. The first graph a) is 

showing the speed during the acceleration phase of four different start-ups. On each start-up the 

EM is rotating the ICE until it reaches a speed of around 3800 rpm. This speed is rather high 

since this engine is usually started with a pull starter, which can reach speeds up to 1000 rpm. 

The high speed was chosen to have a worst-case scenario and to investigate possible termination 

conditions for the start-up. A higher speed for those experiments could not be selected because 

of the centrifugal clutch, which is starting to engage with the eddy-current brake at around 3500 

rpm (cf. Figure 4-12 including the description above the picture). At 2000 rpm the compression 

release device stops working, thus up to this speed the engine must have started. 

It can be noted that the acceleration phase in order to achieve the 3800 rpm lasts on average 

0.71 seconds, while the whole start-up procedure takes up to 2.6 seconds. This is due to the EM 

needing this small amount of time to overcome the compression pressure of the ICE and set it 

into motion. In order to reach 1000 rpm, it takes 2.05 seconds. About 0.15 seconds later 2000 

rpm, at which the decompressor stops, are reached. At latest by then, the ICE must have started. 

Graph b) shows the phase current, battery current and battery voltage during the start. By 

multiplying the battery current with the battery voltage, the maximum required power for the 

start-up is identified (graph c)). In the fourth graph d) the average of the required EM power for 

starting is shown, with the maximum power roughly at 900 Watt. Furthermore, the cumulated 

energy consumption for the start-up is depicted in graph d). Assuming that the starting speed is 

somewhere close to 1000 rpm, the required power for the start-up is about 260 W and the 

consumed energy amounts to 210 J. The required power and energy consumption are giving a 

good view of the hybrid system starting process and help to increase the accuracy of the 

simulation model. Moreover, the gained data form the start-up are needed for further steps, such 

as the design of a suitable ESS. 
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Figure 5-13: Start-up measurements of the hybrid system 
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5.3.3.2 Results from steady-state measurements 

 

The first map resulting from the steady-state measurements is depicted in Figure 5-14. This 

map is showing the efficiency of the electric motor at different torque and speed. This efficiency 

is calculated from the EM power together with the current and voltage measured by the battery 

simulator. This means that the efficiency of the RoboteQ ECU and its power electronics is 

included. Not considered are the charging and discharging losses of an ESS. 

The map is showing the EM efficiency, but shifted by the torque of the ICE at constant throttle 

angle (cf. Figure 5-11 Method for hybrid powertrain measurements). This means that the white 

line in the middle is showing the torque of the combustion engine alone. At this white line, the 

EM efficiency is zero, as it produces no torque. Below the white line the EM is working as a 

generator and above as a motor. On the measurement points where torque is added, the 

efficiency is between 0.76 and 0.95. It can be seen that the efficiency is going slightly down 

with the EM torque going up. This behaviour in general is common for electric motors. 

Furthermore, as the speed increases, the efficiency becomes higher, which is to be expected as 

the EM is running below its nominal speed where it can deliver its maximum torque. A similar 

behaviour can be noticed by looking at the region of the EM subtracting torque. As more torque 

is subtracted, the efficiency becomes slightly lower, and with increasing speed, the efficiency 

is getting higher. The range of the measured points is going from 0.67 to 0.95. In general, the 

efficiency in the area of negative EM torque is somewhat weaker compared to the region of 

torque being added. This can be explained by the fact that for recuperation below the nominal 

speed, a BLDC motor needs power electronics to balance the voltage difference between the 

motor and the battery. 

Furthermore, in Figure 5-14 only slightly less than 50 points were measured, thus, the resolution 

is low, and, the area around 0 Nm EM torque and some of the isolines are wavy. 

 

Figure 5-14: Efficiency of the EM 
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After the map of the electric motor efficiency was created, a combined efficiency of the EM 

and the ICE shall be calculated. This calculation is carried out in order to make a statement 

about the efficiency of this hybrid configuration and for a comparison with the efficiency map 

of the combustion engine. 

In order to calculate a combined efficiency of the engine and the motor, two different cases 

must be distinguished. In the case where the EM is working as a motor, the combustion engine 

and the electric motor are producing torque to overcome the external load. This case is depicted 

on the left side in the figure below. The green arrows are showing the input energy into the 

hybrid system and the red arrow the output energy for driving the external load. The efficiency 

in this case is calculated according to equation (5-1). 

In the second case, the EM is acting as a generator. Therefore, the power coming from the ICE 

is divided into mechanical power for the external load and mechanical power that is converted 

into electrical power by the EM. This working mode is illustrated on right side in the figure 

below. Similar to the above-described picture on the left, the green arrow is showing the input 

energy into the hybrid system and the red arrows are showing the output energy. The calculation 

of the efficiency in this case is done pursuant to equation (5-2). 

 

 

Figure 5-15: Power flow of the hybrid powertrain 

 

𝜂ICE+EM =
𝑃mech

𝑃fuel + 𝑃el
=

𝑇 ∗ 2𝜋 ∗ 𝑛

�̇�fuel ∗ 𝐻u + 𝑈 ∗ 𝐼
 (5-1) 

𝜂ICE+EM =
𝑃mech + 𝑃el

𝑃fuel
=
𝑇 ∗ 2𝜋 ∗ 𝑛 + 𝑈 ∗ 𝐼

�̇�fuel ∗ 𝐻u
 (5-2) 
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Figure 5-16 illustrates the combined efficiency of the engine at constant throttle and the electric 

motor adding, respectively subtracting torque. The white curve is the torque curve of the ICE 

alone without any EM torque being added. Since the engine is throttled, the torque and the 

efficiency at this curve are going down with the speed increasing. The engine is throttled in 

order to simulate a smaller ICE. This is done because only one combustion engine is used for 

both measurements (ICE alone and hybrid system). Furthermore, the maximum torque of the 

hybrid system is than close to the maximum torque of the ICE and the two powertrains can be 

compared. 

The efficiency of the throttled engine on the lower speeds is around 22% which is rather high 

for such a small ICE in part load. This can be explained by the external cooling, as this power 

does not have to be provided by the combustion engine. This actuality explains also the 

efficiency of the ICE alone (Figure 5-17), which is rather high for a combustion engine of a 

hand-held power tool. By looking above the white curve in Figure 5-16, an increase in the 

efficiency can be seen, due to the EM adding torque at high efficiency (cf. Figure 5-14). Below 

the white throttle line, the EM is working as a generator. This means that some of the 

mechanical energy of the crankshaft is converted into electrical energy. Due to the fact that 

every energy conversion has losses, the efficiency on the generator side is lower compared to 

the efficiency at the ICE throttle line. 

Comparing the efficiency map of the herein investigated hybrid configuration (Figure 5-16) to 

the efficiency of the engine alone (Figure 5-17), it can be seen that in the whole map the 

efficiency can be slightly increased. In order to achieve this high efficiency, so to stay with the 

hybrid system on the very high or low torque points, a big battery would be required. The big 

battery would be needed to either supply the EM with electric energy or to storge electric 

energy, at any time. Since the battery for such a hand-held tool has to be small, the electric 

motor cannot drive or regenerate for a long period at a time. Thus, the potential benefits of the 

hybrid powertrain are on the high transients, as shown in the beginning (Figure 1-6 including 

description below). Furthermore, the load cycle of the power tool must fit to the hybrid 

configuration. This means that the average torque of the load cycle must meet the torque of the 

engine at the constant throttle curve. The engine is than working at a constant throttle curve and 

the motor is following the transient torque of the load cycle. Therefore, the hybrid powertrain 

has to reach the maximum required power of the load cycle, and the EM must be able to break 

the ICE to low torque points for following the load cycle (cf. Figure 1-6 – normalised torque). 

In this operational strategy the EM shall add and subtract the same amount of energy over the 

whole load cycle. If this can be gained, the SoC of an ESS will be roughly the same at the 

beginning and the end of the load cycle. Due to energy losses in the EM, and in the ESS while 

charging and discharging, the torque of the ICE must be higher than the average torque of the 

load cycle. 

Recapitulatory, a potential increase in the efficiency can be achieved by utilising the hybrid 

configuration. However, in order to determine whether this potential advantage in efficiency 

proves true, load cycles must be driven with the hybrid system. 
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Figure 5-16: Combined efficiency of EM and ICE, including WOT curve of ICE 

 

Figure 5-17: Efficiency of the ICE, including maximum torque curve of EM + ICE 
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6 Conclusions 

 

Out of the first tests of the ICE alone together with the small clutch assembly mounted on the 

test bench, the high torque peaks of a single cylinder four-stroke engine could clearly be 

ascertained. Furthermore, it could be determined that this engine needs forced-air cooling 

blowing directly on the cooling fins. 

The experiments on the ICE with the change from the magneto ignition to the battery coil 

ignition were showing only minor changes in the engine behaviour. Therefore, it can be 

concluded that this modification can be done without disturbances. Moreover, due to the 

measurements of BSFC maps, the best operational line at WOT could be confirmed and the 

simulation model can be refined. The swap from the original carburettor to the M-tronic 

carburettor could not be adequately controlled and needs further investigations or a different 

way of managing a fuel cut-off. 

The investigations done with the first hybrid design are showing that the EM rotor, respectively 

the permanent magnets are temperature sensitive. Hence, the EM rotor requires some heat 

protection or cooling, or some more distance to the ICE, especially to the exhaust muffler. 

Another reason for this design not to work were the difficulties in keeping the air gap between 

rotor and stator due to wobbling of the rotor and production tolerances. 

On the second hybrid design, the problems of the first design are solved. The experiments could 

confirm that the start-up of the ICE, by powering and controlling the EM is possible. 

Furthermore, the operational strategy of running the ICE with constant throttle and adding or 

subtracting torque with the EM is working. The efficiency of this hybrid configuration could 

be slightly increased compared to the ICE for stationary points. Since those hand-held power 

tools operate in a highly transient manner, load cycles must be driven in order to make a 

statement about achieving a higher efficiency with this hybrid powertrain. 
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7 Outlook 

 

Subsequent to this master thesis, the measured data will be put into the simulation model in 

order to enhance its accuracy and to investigate possible efficiency benefits. Furthermore, with 

the aid of the simulation, the optimum hybrid powertrain for such a hand-held power tool shall 

be figured out. After the simulation, the next step on the test bench would be driving load cycles 

to investigate possible BSFC and emission improvements. Therefore, a different way for the 

fuel cut-off has to be found, or continuing investigations on the M-tronic carburettor are to be 

done. The cooling of the ICE requires further examination, especially if a demonstrator tool 

with this hybrid powertrain shall be built. Also, the dimensioning of an ESS is necessary for 

building a demonstrator. 
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