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Sammanfattning 

 
Detta examensarbete har syftat till att undersöka utförbarheten om det är möjligt att skapa ett 

Scania ägt drivsteg där all kraftelektronik och all intelligens som idag ligger i de smarta 

sälldonen kombineras. Detta drivsteg kommer att monteras separat från elmotorerna. Målet med 

detta examensarbete är att studera vilka begränsningar som finns i form av kabellängd (mellan 

motor och drivsteg) och montering av motor (med eller utan hallgivare). 

En studie om alla de applikationer som sitter på drivlinan gjordes. EGR-ventilen (Exhaust gas 

recirculation) ansågs mest tillämpad för detta examensarbete och valdes som utgångspunkt. En 

elektrisk motor och drivsteg utsågs därefter med hjälp av specifikationerna från den valda 

applikationen. 

Ett antal sensorlösa metoder undersöktes och med kraven från den valda applikationen så ansågs 

några av dessa metoder mer lämpliga för EGR-ventilen. Dessa metoder var ‖flux-linkage‖, ‖state 

observers‖, ‖active probing‖ samt ‖modulated signal injection‖. 

Motor, drivsteg och kabelmodeller var skapade med Matlab Simulink. Simuleringarna skilde sig 

ifrån verkligheten pga. bristande kunskap om hur det köpta drivsteget styrde motorn. 

Mätningar gjordes på det verkliga systemet med olika kabellängder. Resultatet blev att 

motorstyrningen påverkades minimalt av kabellängder upp till 15 meter. Med kabellängder över 

15 meter så uppkom avvikelser i positionsregleringen, dessa avvikelser orsakades med stor 

sannolikhet av störningar på hallgivarkablarna ifrån fasspänningskablarna. 
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Abstract 

 
This master thesis aims to investigate the possibility of a Scania owned drive where all power 

electronics and all the intelligence which today lies in the smart actuators are combined to a 

―logic device‖. This Scania owned device will be mounted separately from the motors. The goal 

is to study what restrictions exist in terms of cable length (between the motor and the drive) and 

mounting of the motor (with or without commutation sensor). 

A study of which application from the driveline this thesis would be applied on was preformed 

and the exhaust gas recirculation valve was decided. An electrical motor and drive was then 

determined by the specifications of the chosen application. 

Sensorless methods were investigated and with the requirements of the chosen application, some 

of the methods seemed more suitable. These methods are to measure flux-linkage, use state 

observers, active probing and to inject modulated signals. 

The electrical motor, drive and cables were modeled with Matlab Simulink. The simulations 

differed from the reality due to lack of knowledge of how the purchased drive steered the motor.  

Measurements on the real system were made with different cable lengths. The result was that the 

motor control was hardly affected by cable lengths up to 15 meters. However, with cable lengths 

over 15 meter the position control got some abnormalities which most likely were caused by the 

interference of the hall sensor cables from the phase voltage cables. 
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1 INTRODUCTION 

In this chapter the background, the purpose, delimitations and the method used in this project 

are presented. 

1.1 Background 

On modern-day motors many applications steers with the help of pneumatics. It provides simple 

and robust systems which can withstand rough environments under a long time. Future motors 

will however set higher standards on accurate control and rapid feedback, which makes it natural 

to explore possible electrical actuators. 

One of the goals of this thesis is to investigate the possibility of a "Scania drive" where all power 

electronics is separated from the control unit in order to develop this as a "logic device". To this 

logic device the intelligence which today lies in the smart actuators will be included, see Figure 

1.1. This would give Scania the control over the software to steer the actuators. 

 

 

The idea is to have this Scania drive separated from the motor and therefore long cables might be 

needed between the drive and the electrical motor. 

1.2 Purpose 

In this thesis the goal is to investigate what restrictions exist in terms of cable lengths, between 

the motor and the drive. And theoretically compare difference between motors with or without 

commutation sensor. This will be done by modeling the system and take measurements on a real 

motor with a drive and with different length of cables. 

The first step of this thesis is to find and evaluate an appropriate division of an existing actuator 

components relating to environmental requirements, robustness, modularity and cost. 

1.3 Delimitations 

This thesis is limited to only develop models and testing equipment for a brushless dc motor with 

hall sensors, though a sensorless control will be looked at in theory. A previous master thesis 

shows that a brushless dc motor is the optimal motor for automotive application and therefore 

only a brushless dc motor will be used in this thesis [1]. 

The regulation of the system will be simple. A standard PID regulator will be sufficient enough 

for this thesis. The parameters will be chosen with trial and error. Firstly, the proportional value 

will be chosen such that the step will have no steady state error. Afterwards the derivative value 

Actuator ECU 

Logic 

Device Power 

Electronics 
Software 

Figure 1.1. An overview of the system breakdown. 
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will be tuned to make the oscillation minimal. If any steady state error occurs after that the 

integral value will be tuned to minimize the steady state error. 

Another limitation in this thesis is that only the chosen application will be modeled, if there is 

time left another application will be looked into. 

1.4 Method 

A literature study of sensorless motor control and motor control with hall sensors will be 

presented. 

A pre-study will be performed to investigate the different types of applications on the driveline 

where the thesis can be applied. The information for each application will be gathered from 

Scania‘s internal documents and personal meetings with the people in charge for each 

application. The applications will then be graded after the quality of the information and the best 

application will be chosen. A suitable motor for the application will also be presented. 

The model of the motor and their control will be created in Mathworks Matlab Simulink so that it 

will be easy to modify for other applications. The task is also to model the cables between the 

drive and the motor. 

To verify the models a test setup containing a magnetic brake, a torque sensor and the motor; 

that were presented in the pre-study, will be created and used for measurements. Measurements 

on the effect of the cable length between the control unit and the motor will be taken and 

discussed. 

1.5 Report outline 

The outline of this report will be as follows. 

Firstly the basics of motor control with hall sensors will be explained. Some examples of 

different control types with hall sensors will also be presented. 

Secondly, a description of all the applications which this thesis can be applied on and the 

requirements these applications set on an electrical motor will be given. An application and a 

motor will be chosen. 

The motor, drive and cable motors will then be described and discussed. Some measurements for 

the validation of the motor will also be presented. 

With the basic knowledge of how a motor works, sensorless motor control methods with their 

respective advantages and disadvantages will be examined. 

Then the methods of how the measurements and simulations were done will be explained. The 

results of these measurements and simulations will also be presented.  

To end this thesis a discussion and conclusion of the results will be given. Some recommended 

examples of future work will also be discussed. 
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2 MOTOR CONTROL WITH HALL SENSORS 

There are two types of motor control, with or without sensors. The most common is with sensors, 

mostly with hall sensors. In recent years there have been many articles on sensorless control but 

not many applications have migrated to this type of control. In this thesis, a study of motor 

control with and without hall sensors will be done. As some basic knowledge of the motor must 

be obtained to easier understand the different sensorless methods, the sensorless methods will be 

explained and discussed later in this report. 

2.1 Motor 

When controlling a motor with hall sensors the most common way is with three hall sensors [2], 

one for each phase. The hall sensors sense the magnetic field from the rotor magnets and 

positioning is done by this. 

There are two general categories of hall sensors, analog and digital. Analogue hall sensors detect 

the magnetic field, positive or negative, and produces a voltage proportional to this. With a 

combination of an analog hall sensor and a Schmitt trigger a digital hall sensor is created [2]. A 

Schmitt trigger‘s function is to set the output signal to a state, ON or OFF, at various constant 

thresholds. When the input signal is higher than the upper threshold the output signal is set to the 

state ON and the state OFF when input signal is below the lower threshold. When the value of 

the magnetic field is between these two limits the output signal maintains the state to which was 

last set. This effect is called hysteresis and prevents the output signal to oscillate between ON 

and OFF state when the magnetic field is near the thresholds. With the Schmitt trigger the analog 

signal becomes a square wave, se Figure 2.1. 

A digital hall sensor can switch ON and OFF state at three different ways [2], see Figure 2.1: 

1. Switch: Switches on and off at positive magnetic flux. 

2. Latch: Switches on at positive magnetic flux and off at negative flux.  

3. ‗North Pole‘ Switch: Switches on and off at negative magnetic flux. 

 

Figure 2.1. Behavior of switch, latch, north-pole switch. [2] 
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Quite distinct from the switches, the latches does not reset when the magnetic field is removed. 

When the magnetic field is removed, the latch remains in whatever state it presently is in. 

In motor control it is preferable that the ON and OFF state are the same length, therefore the 

latch hall sensors are often used for electric motors [2]. 

The hall sensors are placed 60 degrees from the windings and 120 degrees from each other, see 

Figure 2.2. 

 

Figure 2.2. Placement of Hall sensors and windings on a BLDC motor with four pole pairs.[1] 

When the rotor passes by the hall sensors, the magnetic field triggers the hall sensors and a 

signal is generated. The rotor spins due to the induced magnetic field generated when the 

windings are energized in different ways [2][3], see Figure 2.3 where Q1-6 is the closed switches 

which can be seen in Figure 2.4. 

 

Figure 2.3. The six steps of the whole electric cycle, the arrows is the direction of the current. 

The textbox says which switches that are closed for the six step-bridge.[4] 
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To control which state should be active, different power electronics switches in the six step 

bridge are activated [3]. These switches will control how the current will go in the motor as seen 

in Figure 2.4. 

 

Figure 2.4. Schematics for a six-step bridge connected to a BLDC motor.[1] 

Two windings are always connected in series during one step of 60 degrees [3]. The switching 

pattern and the hall sensor signals can be seen in Figure 2.5 and Table 1. 

 

Figure 2.5. Shows the switching pattern during a full step and the hall sensors output.[4] 

Table 1. Table of the switching pattern, shows which hall sensors that are high and how the current flows during a sequence. 

Switching 

Interval 

Seq. 

num. 

Hall Sensors 
Switch closed 

Phase currents 

Hall 1 Hall 2 Hall 3 A B C 

0º - 60º
 

1 1 0 0 Q1 Q4 + - Off 

60º - 120º 2 1 1 0 Q1 Q6 + Off - 

120º - 180º 3 0 1 0 Q3 Q6 Off + - 

180º - 240º 4 0 1 1 Q3 Q2 - + Off 

240º - 300º 5 0 0 1 Q5 Q2 - Off + 

300º - 360º 6 1 0 1 Q5 Q4 Off - + 
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2.2 Control 

When controlling an electrical motor with only hall sensors, the amount of control methods 

might be limited. Speed regulation can be difficult or even impossible at low speed as the 

position information from the hall sensors will not be sufficient enough. At every control cycle 

the position data needs to be integrated so that the speed can be compared to the reference speed, 

with too few position points the integration will get a bad result. The amount of pole pairs on the 

motor decides how much data you will get from the hall sensors. A motor with only one pole 

pair would have a resolution of 6, which means that in a whole revolution the hall sensors will 

only give you 6 different signals. By increasing the number of pole pairs the resolution gets 

better, with a 4 pole pair motor the resolution would be of 24. With more pole pairs a speed 

regulation could work as the resolution gets higher, though the speed gets slower as it needs to 

switch current direction more often but the torque gets higher. Also the cost increases with the 

number of pole pairs. 

When using position control usually a control loop without a speed loop is used, see Figure 2.6. 

 

Figure 2.6. Scheme of BLDC motor operating in position mode. 

This scheme contains only two loops, a position loop and, as an inner loop, a current control 

loop. The position loop requires a reference position value and the real value which is calculated 

from the hall sensor signals. As for the current control loop, it would need a reference current 

value, which is taken from the position loop, and the real value, which is calculated from the 

phase currents. The current loop then sends a control signal to the inverter which in turn 

energizes the right phases with the help of the hall sensor signals. 

When using current/torque control it‘s basically the same scheme but without the position 

regulator instead the reference current goes directly into the current controller. 
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Calculator 
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Controller 
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3 SECTOR OF APPLICATION 

In this chapter an evaluation of all applications will be made and after that an application will 

be selected to proceed with in this thesis. An electrical motor will be chosen whose properties 

are close enough to the specifications given from the chosen application. 

3.1 Applications 

The applications studied are limited to actuators on the driveline. Requirements on the actuators 

for these applications will be presented. 

All the applications will get a quick introduction which will summarize how each and one of 

them works. After that the information needed to decide which application to proceed with will 

be provided. 

The data supplied is either according to Scania‘s specifications or assumed. If any information 

according to where the data is coming from isn‘t stated, the data is from the specifications. As 

these specifications are internal documents they will not be referenced to but will be summarized 

in the section. 

3.1.1 Clutch Actuator 

In a clutch the flywheel is connected to the engine and a clutch disc is connected to the 

transmission. When the clutch pedal is not pressed, a diaphragm spring pushes a pressure plate 

against the clutch disc which in turn presses against the flywheel. This creates a friction between 

the clutch plate and the flywheel which locks the engine to the transmission, causing them to 

rotate at the same speed. See Figure 3.1. 

 

Figure 3.1. Engaged clutch. 

When the pedal is pressed a piston will push a fork which will press at the middle of the 

diaphragm spring, as the diaphragm spring is connected near the outside of the spring to the 

clutch cover causes the spring to pull the pressure plate away from the clutch disc and release it 

from the spinning engine. See Figure 3.2. 

Flywheel 

Clutch disc 

Diaphragm 

spring 

Pressure 

plate 

Clutch cover 

To 

Transmission 

To 

Engine 
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Figure 3.2. Disengaged clutch. 

In current Scania clutches an electrical motor combined with a hydraulic system pushes the 

piston. The electrical motor builds up pressure on the oil with a ball screw and a piston. The oil 

is then transported through a tube and presses on the piston which will then push the fork. 

The idea is to replace the whole system with only an electrical actuator. The actuator would need 

to give the same force, speed and robustness as the current system, therefore the specifications 

for current system is used. The piston would need to press the fork at linear force of 6250 N and 

make a stroke on 0.2 s at normal conditions. Normal conditions are temperatures within -20 

degrees to 110 degrees Celsius. To get an easy implementation the electrical actuator should also 

have the same accuracy and resolution as the current system. Maximum position error at steady 

state position is 24 degrees on the motor position, where 240 degrees equals 1mm in stroke 

position which is given by a ball screw. With the release stroke at 25.6 mm and 240 degrees 

equals 1mm, the degrees at the electrical motor at release stroke will be 6144 degrees, see 

Equation (3.1). 

          
 
  ⁄                 (3.1)  

Where pm is the release stroke in motor degrees and ps is the release stroke in mm for the piston. 

To easier calculate the maximum speed, an assumption that the speed will look trapezoidal is 

taken, see Figure 3.3. The maximum speed will be 7680 rpm, see Equation (3.2). 

 

 

t 

ω 

ωmax 

2/3tc tc 1/3tc 

Flywheel 

Clutch disc 

Diaphragm 

spring 

Pressure 

plate 

Clutch cover 

To 

Transmission 

To 

Engine 

Figure 3.3. Trapezoidal curve. 
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        ⁄           (3.2)  

Where ωmax is the maximum angular speed required and tc is the response time for a full stroke. 

Other requirements that the electric actuator needs to pass are durability requirements and that it 

should be operational in the environment it will be placed on. The current system must withstand 

2 million full strokes in under a maximum load of 6250 N on the pushrod and have a lifetime of 

45 000 hours, therefore it‘s a good assumption that the electric actuator shall withstand the same. 

As for the environment, the clutch actuator is installed directly on the transmission. The 

transmission environment is considered very harsh and therefore extra care must be applied 

when designing any complicated mechanisms. In addition to the power train vibration the clutch 

actuator is also subject to road vibrations and gear engagements and disengagements. 

The temperature in this region is also quite harsh. Ambient temperature on the cooling flange is 

measured to -30 degrees to 110 degrees Celsius while inside the clutch housing the temperature 

is measured to -30 degrees to 130 degrees Celsius at normal use and 130 degrees to 150 degrees 

at short time use (30min).  

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 2. 

Table 2. Requirements for clutch actuator. 

Requirements for clutch actuator 

Linear force 6250N 

Speed 7680 rpm 

Accuracy 
24 degrees motor 

position 

Resolution 
240 degrees equals 

1mm 

Durability 

2mil full strokes 

under max load and a 

lifetime of 45 000h 

Environment 

High vibration, 

temperatures from  

-20 degrees to 110 

degrees Celsius 
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3.1.2 Throttle Valve 

The throttles main purpose is to regulate the temperature in the engine and the stoichiometric air-

to-fuel ratio in the exhaust gases. This is done by vary the amount of air that enters the engine. 

In the current control of the throttle valve an electrical actuator is used. This actuator is supplied 

by a subcontractor and therefore Scania has limited control over the software. In the future, 

Scania sees that it might be necessary to have total control over the software and therefore this 

application is a candidate of this thesis. The Scania developed actuator would need to perform 

equal or better than the electrical actuator that is used in the current system. 

As the damper is symmetrical and the pivot point is in the middle, the torque from the pressure 

differential with closed throttle can be neglected as the force on both sides of the pivot point is 

equal. 

However, the pressure difference at the nearly closed throttle leads to low temperatures at the 

damper edges, this temperature may be so low that the moisture in the air freezes and forms ice 

at the openings that freezes the damper solid, see Figure 3.4. In this case a surplus of torque is 

required so the motor is able to pull the damper off the ice. This torque, the spring torque and 

torque from the moment of inertia is assumed to be 4 Nm. 

 

Figure 3.4. Icing at nearly closed throttle,  

note that the picture is very exaggerated. 

The actuator would also need to close the valve from 5% of the total control range to 95% at a 

time of 70 ms, where the total control range is 90 degrees. The resolution of the position shall 

also be less or equal to 0.1% of the control range and the maximum throttle valve position error 

should not exceed 0.2% of the control range. 

Even here we assume that the speed will look trapezoidal and therefore the calculation of which 

required speed that is needed will be similar to the calculation for the Clutch actuator, (3.2). See 

the calculation below; see equation (3.3) and (3.4). 

    (         )          (3.3)  

      
    

    
 
    

      
            (3.4)  
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Other requirements for the electrical actuator are the durability and environment that the actuator 

should be operational. As for all the electrical components in a Scania truck, the electrical 

actuator needs to have a lifetime of at least 45 000 hours. 

The actuator is mounted between the charge air cooler and the inlet manifold and will therefore 

be affected by engine vibrations, dust and salt water spray depending on road conditions. The 

temperature range which the actuator must be fully operational is between -40 degrees to 140 

degrees Celsius. 

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 3. It is important to note that these calculations are what the throttle valve require, an 

electrical motor can be adjusted by a gear to fully optimize cost and performance. 

Table 3. Requirements for throttle actuator. 

Requirements for throttle actuator 

Torque 4 Nm 

Speed 1735.7 rpm 

Accuracy 
0.18 degrees valve 

position 

Resolution 
0.09 degrees valve 

position 

Durability A lifetime of 45 000h 

Environment 

High vibration, dust 

and salt water spray, 

temperatures from  

-40 degrees to 140 

degrees Celsius 

 

3.1.3 Exhaust Gas Recirculation Valve 

The exhaust gas recirculation, EGR, systems primary function is to reduce the nitrogen oxide 

emissions by recirculating a portion of an engine's exhaust gas back to the engine cylinders.[5] 

In a gasoline engine the recirculated gases displaces the amount of combustible matter in the 

cylinder, this leads to the heat of the combustion is less and the combustion generates the same 

pressure against the piston but at a lower temperature. 

In diesel engines the recirculated gases replaces some of the excess oxygen in the pre-

combustion mixture and in modern engines the EGR gas is cooled through a heat exchanger to 

allow the introduction of a great mass of recirculated gas, see Figure 3.5. Unlike spark-ignited 

engines, diesels are not limited by the need for a continuous flame front. Also as diesels always 

operate with excess air they benefit from EGR rates as high as 50% in controlling NOx 

emissions. 
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Figure 3.5. Overview of an EGR. 

The current EGR system at Scania uses a pneumatic actuator to open a valve which controls the 

amount of exhaust gas to recirculate. This pneumatic actuator could be replaced with an 

electrical actuator which shall have an equal or better performance. 

As the actuator will be driven by a trapezoid control profile the maximum speed and acceleration 

on the motor can be calculated with the help of the performance specifications below. With this 

data, moment of inertia of the actuator and the EGR valve, the torque from the spring which 

function as a failsafe system and the torque from the friction, the total torque needed on the 

motor can be calculated. The data for all this can be seen below: 

Moment of inertia of the EGR valve: 2,75*10
-4

 kgm
2
 

Maximum torque from the spring: 0,25 Nm 

Maximum torque from the friction:  0,7 Nm 

The moment of inertia of the actuator is unknown until an electric motor has been decided.  

Assuming that the speed will look trapezoidal, see Figure 3.3, and a performance demand to go 

from 5% to 95% in position of the total control range in about 70 ms, the maximum velocity and 

acceleration can be calculated, see Equation (3.6) and (3.7). The total control range is 55 degrees 

and the resolution of the position shall be less or equal to 0.1% of the control range. 

    (         )          (3.5)  

      
    

    
      ⁄          (3.6)  

        
  

  
 
 

  
       

   

  
 (3.7)  

Where a is the maximum acceleration according to the trapezoidal control profile. 

EGR valve 

 and cooler 

Exhaust Intake 
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The torque required on the electrical actuator can be calculated as Equation (3.8), note that the 

moment of inertia from the electrical motor and gear is not in the calculation neither are the 

losses from the gear. These will be taken into account when a motor with gear has been chosen. 

                        (3.8)  

Where Jv is the moment of inertia for the EGR valve, Ms is the maximum torque from the spring, 

Mf is the maximum torque from the friction. 

Other requirements for the electrical actuator are the durability and environment that the actuator 

should be operational. As for all the electrical components in a Scania truck, the electrical 

actuator needs to have a lifetime of at least 45 000 hours. The actuator shall also be able to do 

5.000.000 full strokes. 

The actuator will be mounted on the engine and will therefore be affected of vibrations and harsh 

temperatures from the engine. The temperature the EGR should be fully operational is -40 

degrees to 200 degrees Celsius. 

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 4. 

Table 4. Requirements for EGR actuator. 

Requirements for EGR actuator 

Torque 1.1438 Nm 

Speed 157 rpm 

Resolution 
0.055 degrees valve 

position 

Durability 

A lifetime of 45 000h 

and able to do 5 

million full strokes 

Environment 

High vibration cause 

of the engine, 

temperatures from  

-40 to 200 degrees 

Celsius 

 

3.1.4 Coolant Pump 

The coolant pump is a centrifugal pump driven by the crankshaft of the engine with a belt. 

Whenever the engine is running the pump circulates the coolant. 

The inlet to the pump is located near the center so that the coolant returning from the radiator 

hits the pump vanes. The pump uses then the centrifugal force to send the coolant to the outer 
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side of the pumps inside, causing the fluid to be drawn from the center continuously, where it 

can enter the engine, see Figure 3.6. 

 

Figure 3.6. An illustration of the centrifugal force in the coolant pump. 

The coolant leaving the pump flows through the engine block and cylinder head and further to 

the radiator and finally back to the pump. 

If the coolant pump were to be driven by an electrical actuator instead of a belt connection to the 

crankshaft, the system would become more adjustable. A speed regulated coolant pump has 

already been under development and the specifications are taken from those internal documents. 

Since this application uses the speed regulation instead of position control, the requirements will 

be hugely different from the other applications. 

The electric actuator would need to deliver a torque of 21.2 Nm at a max speed of 4560 rpm. The 

error at steady state shall not exceed 3% at a speed of 950-2660 rpm and 15% at a speed of 2660-

4560 rpm. 

The engage time, the time from send demanded speed to engaging, should not exceed 4 seconds. 

And the time from start of demand to the demand is achieved should not exceed 30 seconds.  

From an analysis of measured data, the average load of the actuator under the lifetime was 

calculated to 33% of max load. The lifetime is, as for all other electrical components at Scania, 

45 000 hours. 

The actuator would be mounted on the coolant pump and would therefore be exposed to a 

temperature range of -40 degrees to 120 degrees Celsius. 

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 5. 
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Table 5. Requirements for coolant pump actuator. 

Requirements for coolant pump actuator 

Torque 21.2 Nm 

Speed 4560 rpm 

Accuracy 

Less than 3% speed 

error at a speed of 

950-2660 rpm. 

Less than 15% speed 

error at a speed of 

2660-4560 rpm. 

Durability 

A lifetime of 45 000h 

with an average load 

of 33% of max load. 

Environment 

Temperatures from  

-40 degrees to 120 

degrees Celsius 

 

3.1.5 Wastegate 

A wastegate is a valve/flap that diverts exhaust gases away from the turbine wheel in the 

turbocharger at a certain pressure. It leads to relieving the pressure on the turbine which in turn 

leads to the turbo boost pressure does not exceed desired values. When the boost pressure 

reaches the predetermined value it opens the valve/flap using a pressure-clock (internal 

wastegate) or a piston (external wastegate). Internal wastegates is the most common and is built 

into the turbo turbine, while an external is mounted on the manifold. The primary function of the 

wastegate is to regulate the maximum boost pressure in the turbocharger to protect the engine 

and the charger itself.[6] 

 

Figure 3.7. An overview of the turbo with an internal wastegate. 
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In the current system at Scania a pneumatic actuator is pushing a lever to open the flap; the idea 

is to replace the pneumatic actuator with an electric actuator. A solution with a valve instead of a 

flap would be better but because of the huge amount of time needed to design this, a less 

efficient solution to just replace the pneumatic actuator is considered in this thesis. The 

requirements on the electric actuator must therefore be equal or better to the ones for the 

pneumatic actuator. 

The requirements for the wastegate are a bit unclear and are very hard to find as Scania buys the 

whole system from a sub supplier. The information gathered is therefore calculated or assumed. 

The linear force which the motor needs to deliver can be calculated using the pressure in the 

exhaust manifold, the area of the disc that keeps the wastegate opening closed and the length of 

the lever. The pressure in the exhaust collector is assumed that it does not exceed 4.5 bar and the 

wastegate opening has a diameter of 20mm. As the disc is a circle the area can easily be 

calculated to 314mm
2
, 0.000314m

2
, see Equation (3.9) . The lever is designed so that the force 

on one side of the lever is the same as the other side. 

   
    

 
             (3.9)  

Where A is the area of the disc and d is the diameter. 

With this data the force on the valve can be calculated according to Equation (3.10), which in 

this case is equal to 141.37 N. 

   
 

 
                                 (3.10)  

Where F is the force on the valve and P is the pressure drop. 

The response time is assumed to be 700 ms from full open to closed valve or closed to full open, 

a linear motion of 1.02 mm equals full open which some easy calculations gives the maximal 

linear speed needed, see Equation (3.11). 

      
         

   
            (3.11)  

Where vmax is the maximum linear speed required. 

As any electrical unit, Scania has a requirement that it needs to have a lifetime of 45 000 hours. 

The actuator is also mounted on the turbocharger which is mounted on the engine therefore it 

will be affected by vibrations of the engine and also by harsh temperatures, a temperature range 

of -40 to 160 degrees Celsius. 

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 6. 
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Table 6. Requirements for wastegate actuator. 

Requirements for wastegate actuator 

Linear Force 21.2 Nm 

Linear Speed 0.0015 m/s 

Durability A lifetime of 45 000h  

Environment 

High vibrations, 

temperatures from     

-40 to 160 degrees 

Celsius 

 

3.1.6 Variable Geometry Turbocharger 

Variable geometry turbochargers (VGT) are made so that the effective aspect ratio of the turbo 

can be altered as the conditions changes. This is an improvement for ordinary turbochargers 

because the optimum aspect ratio varies with the engine speed. Though if the aspect ratio is too 

high, the turbo will fail to create boost at low engine speeds and if the aspect ratio is too low the 

turbo will choke the engine at high speeds. This usually leads to high exhaust manifold pressures 

and high pumping losses which in turn lead to lower power output. By changing the geometry of 

the turbine housing as the engine accelerates, the turbo‘s aspect ratio can be maintained at its 

optimum.[7] 

When using a VGT a wastegate is not required for many configurations, however this depends 

on whether the fully open position is sufficiently open to allow boost to be controlled to the 

desired level at all times. 

 

Figure 3.8. A VGT which varies the geometry by rotating vanes,  

often used in light duty engines. [8] 

The most common implementation of light duty engines (passenger cars, race cars and other 

smaller vehicles) is to rotate the vanes in unison to vary the gas swirl angle and cross sectional 

area in the turbine housing, see Figure 3.8. In heavy duty engines, such as trucks and larger 

vehicles, the vanes do not rotate but instead the axial width of the inlet is selectively blocked by 
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an axially sliding wall, see Figure 3.9. Either way the area between the tips of the vanes changes, 

leading to a variable aspect ratio.[7] 

 

Figure 3.9. A VGT which varies the geometry by sliding a wall,  

often used in heavy duty engines. [7] 

In trucks the VGTs are also used to control the amount of exhaust to be recirculated back to the 

engine inlet, this is done by increasing the exhaust manifold pressure such as it exceeds the inlet 

manifold pressure which will trigger the EGR. 

In the current Scania VGT system the axially sliding wall is controlled by an electrical actuator. 

The reason why this application is a good candidate is analogous to the throttle application. To 

replace the existing electrical actuator the requirements on the new one needs to be equal or 

better than the existing requirements. 

The maximum torque that the electrical actuator would need to deliver is 32 Nm, which occurs 

while engine braking. In normal conditions the torque is ~10 Nm. 

The response time from fully open to fully closed needs to be matched with other actuators such 

as EGR-valve. Today the VGT has a response time of 150 ms and it is enough as it is faster than 

the EGR-valve but if all actuators are going to be electric in the future, 100 ms is realistic to aim 

for. Assuming trapezoidal look speed curve and a measured control range of 25 degrees the 

maximum speed of the actuator can be calculated as Equation (3.12) and (3.13). 

        (3.12)  

      
    

    
 
    

     
      ⁄           (3.13)  

In the current VGT the resolution is around 0.5% of the total control range though for future 

reference the required resolution on the motor is set to 0.1% of the total control range. 

The actuator will be mounted on the VGT and therefore it will be affected by a harsh 

environment with vibrations from the engine and temperatures from -40 degrees to 160 degrees 

Celsius. 

The durability requirement is a lifetime of 45 000h and it should also be able to do 7.5 million 

strokes. 
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A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 7. 

Table 7. Requirements for VGT actuator. 

Requirements for VGT actuator 

Torque 
Max: 32 Nm 

Normal: 10 Nm 

Speed 62.5 rpm 

Resolution 
0.025 degrees valve 

position 

Durability 

A lifetime of 45 000h 

and 7.5 million 

strokes 

Environment 

High vibration,  

temperatures from  

-40 degrees to 160 

degrees Celsius 

 

3.1.7 Variable Valve Timing 

Piston engines typically use poppet valves for intake and exhaust. These are operated, directly or 

indirectly, by cams on a camshaft. During each intake and exhaust cycle the cams opens the 

valve for a certain amount of time, the timing of valve opening and closing are very important. 

Usually the camshaft is driven by the crankshaft through gears, chains or belts. 

The position of the cam lobes on the shaft is optimized for a certain engine rpm, and this often 

limits low-end torque or high-end power. A VVT allows the position of the cam lobes to change 

which results in greater efficiency and power. 

If the valve timing could be controlled independent of the crankshaft rotation, there would be 

endless possible valve timing scenarios which would improve emission levels and fuel economy. 

This application is already used widely on light vehicles but hasn‘t influenced the heavy vehicle 

market yet. VVT is under early development and the requirements are therefore assumed and not 

very accurate. 

The required torque on the actuator has not yet been finalized and therefore no data on this has 

been gathered.  

As for the required speed on the actuator, an assumed rpm has been calculated to be 179.5 rpm. 

The VVT system would also need to have a resolution of 1.43% of the total control range, which 

in this case is 35 degrees. 

Other requirements is the lifetime which has to be 45 000 hours. 
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A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 8. 

Table 8. Requirements for Variable Valve Timing 

Requirements for Variable Valve Timing 

Speed 179.5 rpm 

Resolution 0.5 degrees 

Durability A lifetime of 45 000h 

Environment  

 

3.1.8 Exhaust Brake 

Since diesel engines lacks a throttle valve on the intake manifold, there won‘t be any intake 

vacuum when the engine is not using fuel. It‘s the intake vacuum that creates the drag effect felt 

in gasoline engines when going down a hill with throttle closed. 

To create the same effect in a diesel engine an exhaust brake is used. This is done by closing off 

the exhaust path from the engine, causing the exhaust gases to be compressed in the exhaust 

manifold and in the cylinder. As the exhaust is being compressed and there is no fuel being 

applied, the engine works backwards which slows the vehicle down. The amount of negative 

torque generated is usually directly proportional to the back pressure of the engine. 

The exhaust path is closed off by a valve which in Scanias current system is driven by a 

pneumatic actuator. If an electrical actuator should replace the current pneumatic actuator, the 

electrical would need to perform equal or better than the pneumatic. 

However because of the lack of information the electrical actuator will function the same way as 

a pneumatic actuator. Therefore the actuator will deliver a linear force which will be transformed 

with the lever to rotational torque. This solution is inefficient but finding an optimal setup for 

implementing an electrical actuator on the exhaust brake system is out of the scope for this 

thesis, with the data given this is the best implementation that can be done without using too 

much time. 

The force that the electrical actuator needs to deliver will be the same force that the pneumatic 

actuator delivers with the highest operating pressure, 8.5 bar. 

The pneumatic actuator disc has a 50 mm diameter which gives a force at 1669 N where 148.68 

N is the counteracting spring force, see Equation (3.14). 

               
       

 
        (3.14)  

Where p is the pressure and A is the area of the disc. 
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As for the speed requirement on the actuator, Scania‘s measurements show that the current 

actuator fully opens the actuator from fully closed on 396 ms. The total stroke length is 53 mm. 

The linear speed which the actuator would need to deliver can then be calculated as Equation 

(3.15). 

      
             

                        
 
     

     
          ⁄  (3.15)  

As the information of the exhaust brake actuator is limited the resolution has been assumed. The 

exhaust brake is very similar to the exhaust gas recirculation therefore the assumed resolution is 

will be based on the exhaust gas recirculation actuator resolution. 

The resolution of the actuator will therefore be equal or less than 0.1% of the control range.  The 

control range is, in this case, the stroke length. 

Other requirements are the environmental and durability. As for the durability the actuator needs 

to have a life time of 45 000 hours. The actuator is mounted after the turbo so the environment is 

very similar to the turbo itself. Therefore the actuator will be affected by harsh vibrations and 

temperature range, from -40 degrees to 160 degrees Celsius. 

A summarize table of the necessary requirements on the electrical actuator is shown below, see 

Table 9. 

Table 9. Requirements for exhaust brake actuator. 

Requirements for exhaust brake actuator 

Linear force 1669 N 

Linear speed 0.1338 m/s 

Resolution 
Equal or less than 

5.3mm 

Durability A lifetime of 45 000h 

Environment 

High vibration, 

temperatures from  

-40 degrees to 160 

degrees Celsius 

 

3.2 Suitable application and motor 

The application to proceed with in this thesis was elected with the largest part of how accurate 

and complete the information was. Other parts were how interesting and time-consuming the 

application was and also if the application would require some special components which could 

have a very long lead-time. 
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With the chosen application a motor can be decided with some calculations. To get an optimal 

motor for the application, an ideal gearbox will also be used. This gearbox will be considered 

frictionless. 

A secondary application is also chosen. This application will be used as further work if time is 

available. The secondary application will need to be similar to the main application for easy 

modifications of model and test equipment.  

Following a discussion of which application is chosen and calculations of which motor that will 

be used is given. 

3.2.1 Disqualified Applications 

A brief discussion of all the disqualified applications will be given in this section. 

Wastegate: The information for this application was really slim. Most of the seen data is 

assumptions or values which are calculated from assumptions. The required linear force is 

calculated from assumed pressure and wastegate opening diameter. The response time is 

assumed and also a requirement of the resolution has not been acquired. If this application would 

be chosen a whole lot of work would need to be done to get more accurate data, therefore this 

application is disqualified. 

Exhaust Brake: The information given on the exhaust brake was given on the whole system and 

not the actuator itself, therefore most of the data was either calculated or taken from 

measurements. The linear force required and the required speed was both calculated from 

measured data. The resolution was however assumed. The reason why this application was 

disqualified is the inefficient solution which was chosen for replacing the pneumatic actuator. 

Variable Valve Timing: The variable valve timing is a rather new project and therefore much 

information for a required actuator was missing. This information could have been gotten at a 

later time as it was work in progress though this would mean a lot of planning issues and 

probably a delayed thesis in whole. 

Throttle Valve: The throttle valve data gathered are very accurate and has no assumptions at all. 

The main reason for the disqualification of this application is that it is really similar to the EGR 

valve and also already has an electrical actuator in progress. 

Clutch Actuator: Analogy with the throttle valve, the clutch actuator information is accurate as 

it comes from internal specifications. Though as the torque requirement is really high, as it needs 

to deliver a high linear force, it needs a really powerful BLDC motor which might have a long 

lead-time. 

Coolant pump: The information regarding the coolant pump is quite accurate; the data comes 

from either measurements or specifications. Compared to other applications, the coolant pump is 

controlled by speed regulation instead of position regulation. If there was time left for a further 

application it would require much work to modify the models and testing equipment for position 

regulation. 
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3.2.2 Chosen Applications 

Two applications were chosen to proceed with. One of them is being mainly focused on while 

the other will be a further work if time is available. These two applications is rather similar 

which means that just small modifications on the model and test equipment will be needed.  

A brief discussion of these two applications is followed. 

Exhaust Gas Recirculation: The information gathered on the EGR is very accurate with no 

assumptions at all. All the data comes from good sources. However, the requirements on the 

electrical actuator are relatively easy to achieve and therefore future demands is taken into 

account and sets higher requirements on the electrical actuator. The new requirements can be 

seen in Table 10. As the EGR currently is driven by a pneumatic actuator and exchange for an 

electrical actuator is on the door step, the EGR were chosen as the main application. 

Table 10. New requirements for EGR actuator 

New requirements for EGR actuator 

Torque 4 Nm 

Speed 157 rpm 

Resolution 
0.055 degrees valve 

position 

Durability 

A lifetime of 45 000h 

and able to do 5 

million full strokes 

Environment 

High vibration cause 

of the engine, 

temperatures from  

-40 to 200 degrees 

Celsius 

 

Variable Geometry Turbocharger: The information quality regarding the VGT is analog with 

the EGR. The main reason for choosing the VGT as a secondary application it‘s similarity with 

the EGR for easy modifications of the model and test equipment but with higher demands on the 

electrical actuator. 

3.2.3 Suitable Motor 

As the two chosen applications requirements differ quite much just one electrical motor can not 

satisfy both needs. Two electrical motors will therefore be looked into, one for the EGR and 

another for the VGT. The electrical motors chosen is from All motion technologies, due to the 

low lead time and price. 
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Most of the electrical motors from All motion technologies has a rated speed of 4000rpm. As the 

EGR actuator would need a rpm on 157rpm a gear with 25 ratio can be used, see Equation 

(3.16). 

   
    

   
    (3.16)  

With a gear ratio of 25 the rated torque in the datasheet[9] can be compared with the required as 

in Equation (3.17). 

                                         (3.17)  

The chosen electrical motor for the EGR application is therefore the All motion technology 

BLDC 42BLS02, with the specifications seen in Table 11. 

Table 11. Specifications for BLDC 42BLS02. 

42BLS02 – BLDC 

Supply voltage 24 V 

Rated power 52 W 

Rated torque 0.125 Nm 

Rated speed 4000 rpm 

No load speed 5600 rpm 

No load current 0.25 A 

Resistance per phase 0.8 ohm 

Inductance per phase 1.2 mH 

Torque constant 0.0355 Nm/A 

Back EMF constant 3.72 V/krpm 

Rotor inertia 48 gcm
2 

 

The chosen electrical motor for the VGT application were decided in the same way as for the 

EGR application but with a gear with a ratio of 50. The rated torque in the datasheet[10] is 

compared with the required normal torque as the required max torque for the VGT only occurs at 

exhaust brake, which doesn‘t happen very often. The required max torque will be compared with 

the peak torque but it was decided that the rated torque for the electrical motor would be as close 

as possible to the max torque cause of the missing knowledge of how often the exhaust brake 

occurs. 

The electrical motor chosen for the VGT is therefore an All motion technologies BLDC 

57BLS04 motor, with the specifications seen in Table 12. 
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Table 12. Specifications for BLDC 57BLS04. 

57BLS04 – BLDC 

Supply voltage 36 V 

Rated power 180 W 

Rated torque 0.43 Nm 

Peak torque 1.27 Nm 

Rated speed 4000 rpm 

Resistance line to line 0.35 ohm 

Inductance line to line 1 mH 

Torque constant 0.063 Nm/A 

Back EMF constant 6.6 V/krpm 

Rotor inertia 0.23 kgcm
2 

 

To control the motors a driver with embedded intelligence is used, an IDM640 from Technosoft. 

This driver has a motion controller with PT/PVT functionality. The motion programming is done 

by using technosoft motion language which is like a basic programming language. The IDM640 

drive has current shunts on two of the phases to log the phase currents. It can also log the motor 

position, hall sensors and much more. 
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4 MODELLING 

In this chapter a description of the models used is presented. Also a description of which model 

software which was used will be presented. 

4.1 Introduction 

All the models have been conducted with MATLAB Simulink, the main reason to why this tool 

was chosen is because of the past experience with the program. The program was also quite 

simple and widely used and is therefore a good candidate for a modeling program. 

The goal was to improve a previous thesis BLDC model to be as close as the reality as possible. 

By introducing a more complex model of the inverter the control of the motor was made more 

realistic. Addition to the improvement of the drive and motor model, a cable model was also 

created. This models purpose was to simulate the effect of different lengths of cables at different 

conditions, for example temperature. 

The BLDC model uses the parameters from the datasheet of the chosen motor. These parameters 

and constants for the control and cables are defined in the files Motor_parameters.m, 

Control_parameters.m and Cable_parameters.m 

4.2 BLDC model 

The BLDC model used is a modified version of Timmy Kallin‘s model [1]. It has been modified 

to take the residual current in the non-energized phase into account. This has been done with a 

different inverter model. 

The model for the BLDC motor is the same as Timmy Kallin‘s model. In the model the BLDC 

motor has their phase windings star connected and also have trapezoidal winding distribution. 

The circuit is shown in Figure 4.1. 

 

Figure 4.1. The equivalent circuit of the BLDC motor.[1] 

The BLDC motor can be described with four equations, seen in equation (4.1) and (4.2). 
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Where UAB,UBC,UCA are the phase to phase voltages, iA,iB,iC are the phase currents, eA,eB,eC are 

the phase back-emf voltages, R is the phase resistance, L is the inductance of each winding. Te 

and TL are the electrical and load torque. J is the rotor inertia, b is the friction constant and ωm is 

the mechanical rotor speed. 

The back-emf voltages are given by the rotor speed, the back-emf constant and the trapezoidal 

back-emf waveform, see equation (4.3) resp. (4.4). 
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Where ke are the back-emf constant, θ is the electrical angle (which is equal to the rotor angle 

times the number of pole pairs) and  ( ) gives the trapezoidal waveform of the back-emf.  ( ) 
equals one period of the trapezoidal back-emf waveform according to equation (4.4). 
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The electrical torque can therefore be expressed as equation (4.5). 
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Where kt is the torque constant. 

For a more convenient implementation of the mathematic model in Simulink, equations (4.1) and 

(4.2) are rewritten in state space form. As the phases are star connected the third equation in 

(4.1)  and the third variable iC can be eliminated using the relation           . Equation 

(4.1) is therefore reduced to equation (4.6). 
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By using equation (4.6), an equation of the currents can be derived as shown in equation (4.7) 

and (4.8). Where 
 

  
   is derived through UAB equation and 

 

  
   through UBC. 
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Where EAB and EBC is the difference between eA, eB resp. eB, eC. 

By inserting equation (4.7) in equation (4.8) an expression for the derivatives of the currents can 

be made as equation (4.9) shows. 
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The complete state space model can be seen in equation (4.10). 
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For a more detailed explanation of the mathematic model see Timmy Kallin‘s report[1]. 

The Simulink model representing the mathematic model can be seen below. 

As Figure 4.3 shows the derivative of the phase currents are sent from the electrical model of the 

BLDC motor to the cable model through a Goto block. Also the phase currents are sent to the 

cable model as Figure 4.2 shows. The reason why the cable model needs the derivate of the 

phase currents and the phase currents is explained in 4.4 Cable model 

As Figure 4.2 show the back-emfs and a signal that indicates if phase currents are zero or non-

zero are sent from the BLDC to the inverter. The reason why the inverter needs these signals are 

explained in 4.3 The Inverter. 



 

36  

 

 

Figure 4.2. Overview of the whole BLDC motor model. 

 

Figure 4.3. Electrical model of the BLDC motor. 

 

Figure 4.4.  Mechanical model of the BLDC motor. 

Also the  model over the BLDC motor, gear and load can be seen in Figure 4.5. 
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Figure 4.5. Overview of the BLDC,gear and load model. 

4.3 The Inverter 

The inverter is basically a six step bridge which energizes the phase pair determined by the 

control electronics. This is implemented as a Matlab-function block with two input signals, 

control signal and chopping signal. The control signal is the hall sensor signals which indicates 

how the rotor is positioned and the chopping signal makes it possible to turn off and on the 

current in the two energized phases at anytime during the 60 degrees interval. The six 60 degrees 

intervals can be seen in Figure 2.5 and Table 1. 

The output voltage of the inverter depends on the rotor position, back-emf values, whether the 

phase currents are zero or non-zero and which direction the rotor rotates. The rotor position 

determines which phases should be energized or turned off. The voltage between the phases can 

be calculated by placing a diode in the circuitry and calculate the voltage drop over it. When the 

current in the diode is non-zero the voltage drop over the diode is zero, but when current is zero 

the diode must generate a voltage that forces the current to remain at zero until the next interval 

starts. 

A phase current that is being turned off will flow through a freewheeling diode while the current 

in the phase that is being turned on is rising from zero. 

There are two kinds of circuits, one where the residual current in the unenergized phase can flow 

through the energized phases in the same direction  and another where the residual current in the 

unenergized phase cannot flow through an energized phase because of opposite direction of the 

current. 

By examining when the rotor is rotating counter clockwise in the first interval, 0º - 60º, where 

phase A and B are energized and the residual current in phase C can flow through phase B 

because of the same direction of the current as the previous energized phases were C to B.  The 

circuitry and an illustrating picture can be seen in Figure 4.6 resp. Figure 4.7 below. 
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Figure 4.6. Illustrating the process when switching energized phases from C-B to A-B. 

 

Figure 4.7. Circuitry of the first interval where phase A and B are energized at counter clockwise rotation. 

Where IA and IC are the currents, Vs is the supply voltage, eA, eB and eC are the back-emfs and Vd 

is the voltage drop over the diode. 

When the current, IC, is non-zero the voltage, Vd6, will be zero and the phase to phase voltages 

can easily be calculated to                          . But when IC is zero the 

calculations gets more complicated. The voltage Vd6 can then be calculated by calculating the 

voltage from phase C to B and from phase C to B by passing phase A, see equation (4.11) and 

(4.12). 

                      (4.11)  

                        
 

 
(             ) (4.12)  

The Vd6  voltage gives the phase to phase voltages as shown in equation (4.13), (4.14) and (4.15). 

        (4.13)  
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The phase to phase voltages given by the inverter at the first interval is seen in equation (4.16) 

and (4.17). 
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The other type of circuit when the rotor rotates counter clockwise is illustrated in Figure 4.9 resp. 

Figure 4.8. 

 

Figure 4.8. Illustrating the process when switching energized phases from A-B to A-C. 

      {

      
     
       

 (4.16)  
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Figure 4.9. Circuitry of the second interval where phase A and C are energized at counter clockwise rotation. 

Here the phase A to C is energized, and as the previous energized phases were phase A to B the 

residual current in phase B can only go through the upper diode. When the current, IC, is non-

zero the voltage, Vd3, will be zero and the phase to phase voltages can easily be calculated to 

                         . 

When IC is zero the voltage drop over the diode can be calculated with equation (4.18) and 

(4.19). 

                      (4.18)  

                        
 

 
(            ) (4.19)  

And the phase to phase voltages can be calculated as shown in equation (4.20), (4.21) and (4.22). 

         (4.20)  

         
 

 
(            ) (4.21)  

            
 

 
(            ) (4.22)  

The phase to phase voltages given by the inverter at the second interval is seen in equation (4.23) 

and (4.24). 

      {
     
      
       

 (4.23)  

      

{
 
 

 
     

 

 
(            )

    
 

 
(            )

       

 (4.24)  
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As the BLDC motor is star connected, one phase to phase voltage will not be needed for 

simulation and therefore only VAB and VBC is sent as outputs from the inverter. A summarized 

table of the inverters output voltages when the rotor rotates counter clockwise is seen in Table 

13. 

Table 13. Summarized table of the inverters output voltages at counter clockwise rotation. 

Energized  

phases 
Diode current UAB UBC 

A,B 

IC  ≠ 0      

IC  = 0    
 

 
(             ) 

A,C 

IB  ≠ 0      

IB  = 0 
 

 
(            ) 

 

 
(            ) 

B,C 

IA  ≠ 0        

IA  = 0 
 

 
(             )    

B,A 

IC  ≠ 0       

IC  = 0     
 

 
(            ) 

C,A 

IB  ≠ 0       

IB  = 0 
 

 
(             ) 

 

 
(             ) 

C,B 

IA  ≠ 0        

IA  = 0 
 

 
(            )     

 

When the rotor rotates clockwise the output voltages will be different as the residual current will 

flow at the opposite direction as when the rotor rotates counter clockwise, this is shown in the 

circuits Figure 4.10 and Figure 4.11 which shows interval 1 and 2 in clockwise rotation. 

 

Figure 4.10. Circuitry of the first interval where phase A and B are energized at clockwise rotation. 
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Figure 4.11. Circuitry of the second interval where phase A and C are energized at clockwise rotation. 

With similar equations as shown previously above the output voltages when the rotor turns 

clockwise can be seen in Table 14. 

Table 14. Summarized table of the inverters output voltages at clockwise rotation. 

Energized  

phases 
Diode current UAB UBC 

A,B 

IC  ≠ 0        

IC  = 0    
 

 
(             ) 

A,C 

IB  ≠ 0      

IB  = 0 
 

 
(            ) 

 

 
(            ) 

B,C 

IA  ≠ 0      

IA  = 0 
 

 
(             )    

B,A 

IC  ≠ 0        

IC  = 0     
 

 
(            ) 

C,A 

IB  ≠ 0       

IB  = 0 
 

 
(             ) 

 

 
(             ) 

C,B 

IA  ≠ 0       

IA  = 0 
 

 
(            )     

4.3.1 Soft chopping 

To control the BLDC motor the phase currents are chopped. This means that the currents in the 

two energized phases can be turned off and on at any time.  There are mainly two methods for 

this, hard chopping and soft chopping. Hard chopping means that the upper and lower switch are 

driven by the same chopping signal. The upper and lower switch will be turned off and on at the 

same time, see Figure 4.12(b). In soft chopping only the upper switch switches according to the 

chopping signal and the lower switch is left on during the whole procedure, see Figure 4.12(a). 

An advantage of soft chopping is that it produces less current ripple.[11] 
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B A 

Vd4 eC 

eA 

Z Z 

Z 



 

43  

 

 

Figure 4.12. An illustration of soft chopping(a) and hard chopping(b).[12] 

Filled line is how the current runs without chopping, 

Dotted line is how the current runs with chopping. 

With no knowledge of how the driver is controlling the BLDC motor, it is assumed in this thesis 

that soft chopping is used as it is one of the most common methods. The soft chopping voltages 

can be calculated in the same way as for the inverter though this time with the upper switch on. 

There will be two different types of circuitry for each rotor rotation, counter clockwise and 

clockwise, with the same reasoning as with the inverter, one where the residual current flows in 

the same direction as the energized phase current and another where the residual current flows in 

opposite direction. For example the circuitry of the first interval, where phase A and B is 

energized, the rotor turns counter clockwise and where the residual current flows in the same 

direction, can be seen in Figure 4.13. 

 

Figure 4.13. Circuitry of the first interval at counter clockwise rotation where phase A and B is energized with soft chopping. 

Where IA and IC are the currents, eA, eB and eC are the back-emfs, Vs is the supply voltage, Vd2 

and Vd6 are the voltage drops over the diodes. 

The diode voltages will depend on the current flowing through them. If the current is non-zero 

then the diode voltage will be zero. Therefore there will be four different cases: If both IA and IC 

are non-zero, if IA is non-zero and IC is zero, if IA is zero and IC is non-zero and if IA and IC are 

both zero. 
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If IA and IC are non-zero the voltage drop for both diodes will be zero and the phase to phase 

voltages will be                       . 

If IA is non-zero and IC is zero the voltage drop over D2 diode will be zero but not for the D6 

diode. The voltage drop over D6 diode can then be calculated as equation (4.25) and (4.26). 

                   (4.25)  

                     
 

 
(         ) (4.26)  

The phase to phase voltage can then be calculated as equation (4.27), (4.28) and (4.29). 

       (4.27)  

         
 

 
(         ) (4.28)  

           
 

 
(          ) (4.29)  

If IA is zero and IC is non-zero the voltage drop over the D6 diode will be zero but the drop over 

D2 diode will not. The voltage drop over the D2 diode can then be calculated as shown in (4.30) 

and (4.31). 

                 (4.30)  

                    
 

 
(          ) (4.31)  

The resulting phase to phase voltage can be seen in equation (4.32), (4.33) and (4.34). 

         
 

 
(          ) (4.32)  

       (4.33)  

           
 

 
(         ) (4.34)  

If both IA and IC is zero the voltage drop over the D6 and D2 diode will be non-zero. The voltage 

drop over D2 and D6 diode can then be calculated as shown in (4.35) and (4.36). 

     
 

 
(             ) (4.35)  

     
 

 
(              ) (4.36)  

By inserting equation (4.36) in (4.35), the equation (4.37) and (4.38) can be calculated. 

           (4.37)  
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           (4.38)  

And the resulting phase to phase voltages are shown in (4.39), (4.40) and (4.41). 

               (4.39)  

               (4.40)  

                     (4.41)  

The other type of circuitry used, when the rotor turns counter clockwise, can be seen in Figure 

4.14. 

 

Figure 4.14. Circuitry of the second interval at counter clockwise rotation where phase A and C is energized with soft 

chopping. 

The calculations are in analogy with the previous calculations. A summarized table of the soft 

chopping model for counter clockwise rotation can be seen in Table 15. 
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Table 15. Summarized table of the inverters output voltages with soft chopping at counter clockwise rotation. 

Energized  

phases 
Diode current UAB UBC 

A,B 

IA  ≠ 0, IC  ≠ 0     

IA  ≠ 0, IC  = 0   
 

 
(         ) 

IA  = 0, IC  ≠ 0 
 

 
(          )   

IA  = 0, IC  = 0             

A,C 

IA  ≠ 0, IB  ≠ 0        

IA  ≠ 0, IB  = 0 
 

 
(         ) 

 

 
(          ) 

IA  = 0, IB  ≠ 0 
 

 
(             )    

IA  = 0, IB  = 0             

B,C 

IB  ≠ 0, IA  ≠ 0     

IB  ≠ 0, IA  = 0 
 

 
(          )   

IB  = 0, IA  ≠ 0 
 

 
(         ) 

 

 
(          ) 

IB  = 0, IA  = 0             

B,A 

IB  ≠ 0, IC  ≠ 0       

IB  ≠ 0, IC  = 0   
 

 
(         ) 

IB  = 0, IC  ≠ 0 
 

 
(             ) 

 

 
(             ) 

IB  = 0, IC  = 0             

C,A 

IC  ≠ 0, IB  ≠ 0     

IC  ≠ 0, IB  = 0 
 

 
(         ) 

 

 
(          ) 

IC  = 0, IB  ≠ 0   
 

 
(         ) 

IC  = 0, IB  = 0             

C,B 

IC  ≠ 0, IA  ≠ 0      

IC  ≠ 0, IA  = 0 
 

 
(          )   

IC  = 0, IA  ≠ 0    
 

 
(             ) 

IC  = 0, IA  = 0             

 

When the rotor turns clockwise the residual currents will flow in the opposite direction compared 

to counter clockwise rotation. This can be seen in Figure 4.15 and Figure 4.16 which shows the 

circuitry for interval 1 and 2 for clockwise rotation. 
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Figure 4.15. Circuitry of the first interval at clockwise rotation where phase A and B is energized with soft chopping. 

 

 

Figure 4.16. Circuitry of the second interval at clockwise rotation where phase A and C is energized with soft chopping. 

Output voltages for clockwise rotation can be calculated in similar manner as previously and can 

be seen in Table 16. 
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Table 16. Summarized table of the inverters output voltages with soft chopping at clockwise rotation. 

Energized 

phases 
Diode current UAB UBC 

A,B 

IA  ≠ 0, IC  ≠ 0       

IA  ≠ 0, IC  = 0   
 

 
(         ) 

IA  = 0, IC  ≠ 0 
 

 
(            )     

IA  = 0, IC  = 0             

A,C 

IA  ≠ 0, IB  ≠ 0     

IA  ≠ 0, IB  = 0 
 

 
(         ) 

 

 
(          ) 

IA  = 0, IB  ≠ 0 
 

 
(          )   

IA  = 0, IB  = 0             

B,C 

IB  ≠ 0, IA  ≠ 0      

IB  ≠ 0, IA  = 0 
 

 
(          )   

IB  = 0, IA  ≠ 0 
 

 
(            ) 

 

 
(            ) 

IB  = 0, IA  = 0             

B,A 

IB  ≠ 0, IC  ≠ 0     

IB  ≠ 0, IC  = 0   
 

 
(         ) 

IB  = 0, IC  ≠ 0 
 

 
(         ) 

 

 
(          ) 

IB  = 0, IC  = 0             

C,A 

IC  ≠ 0, IB  ≠ 0        

IC  ≠ 0, IB  = 0 
 

 
(         ) 

 

 
(          ) 

IC  = 0, IB  ≠ 0     
 

 
(            ) 

IC  = 0, IB  = 0             

C,B 

IC  ≠ 0, IA  ≠ 0     

IC  ≠ 0, IA  = 0 
 

 
(          )   

IC  = 0, IA  ≠ 0   
 

 
(         ) 

IC  = 0, IA  = 0             

 

4.3.2 Simulink model of the inverter 

The inverter are modeled by a MATLAB function block in Simulink. This is basically a block 

which allows to use the MATLAB programming language to build a function. When soft 

chopping is considered on, Table 15 and Table 16 are used, where the currents are the conditions 

in several IF-statements and the voltages are the output. Otherwise the Table 13 and Table 14, 

and implemented in the same way. 

An overview with the inverter model included of the whole model can be seen in Figure 4.17. 
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Figure 4.17. Overview of the whole model including the inverter 

The PWM block converts the control signal to a PWM signal which is sent to the inverter and 

decides when to use the soft chopping method or not. 

The Hall_signals -> Pos, mode block uses the hall signals to calculate the position and in which 

position the rotor are. 

4.4 Cable model 

There are two kinds of cables running from the motor, the power cables to the phases and the 

signal cables from the hall sensors. The voltage of the cables from the hall sensors are usually no 

higher than 5V and have current supplies of 1-10mA. With this low power the influence from the 

hall sensor cables on other signal cables and the phase cables are assumed negligible. However 

the phase cables runs with much higher power so the influence from these will be taken into 

account for. 

As the current in the phase cables will periodically reverse direction and are balanced, the sum of 

all currents are zero, the cables can be seen as a three phase transmission line. There are several 

parameters affecting a transmission line model. There is the line resistance, the self-inductance, 

the mutual inductance and the shunt capacitance. The sum of all the currents in the hall sensor 

cables are not balanced and therefore a three phase transmission line model cannot be used. 

4.4.1 The line resistance 

The line resistance depends on the resistivity, the temperature, the cable length, the cross section 

area and the type of current flowing through it, alternative current or direct current. 

The resistivity is material dependent, and as the cables (conductors) are made of copper, the 

resistivity of copper is proper to use, see equation (4.42).[13] 
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                            (4.42)  

Also the temperature coefficient of copper will be used to get the resistivity at any temperature, 

see equation (4.43) and (4.44). 

              (4.43)  

         (    (    ))      (4.44)  

Where α is the temperature coefficient of copper and T is the ambient temperature. 

With the resistivity known, the DC resistance can be calculated as shown in equation (4.45).[13] 

     
       

 
          (4.45)  

Where A is the cross section area. 

4.4.2 The skin and proximity effect 

As the current in the cable is alternating, the DC resistance needs to be converter to AC 

resistance. This can be done by using an IEC 60287 standard which calculates the skin and 

proximity effect factor. 

The skin effect means that the center portion of the conductor will be enveloped by a greater 

magnetic flux than the outer portion. This will cause the current density to be less at the centre 

than the surface of the conductor as the induced back-emf will be greater at the centre of the 

conductor, see Figure 4.18. This will lead to an increase in the resistance of the conductor.[14] 

 

Figure 4.18. Shows the skin effect in the conductor.[14] 

The skin effect factor can be calculated as shown in equation (4.46).[14] 

    
  
 

(       )
⁄  (4.46)  

Where xs is seen in equation (4.47). 

   
  

           
   
⁄  (4.47)  

Where f is the frequency and ks is a factor determined by the conductor construction (1 for 

circular, stranded, compacted and sectored conductors). 
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The proximity effect also increases the resistance of the conductor but this time because of the 

magnetic field of conductors close together. Because of the magnetic field the electrons in the 

conductor will feel a force which will press the electrons to one side of the conductor, which side 

depends on the direction of the magnetic field, see Figure 4.19.[14] 

 

Figure 4.19. Shows the proximity effect in the conductors, the two uppermost cables shows the effect in one current direction 

and the two below in the other current direction.[14] 

The proximity effect factor for three single core cables can be calculated as equation (4.48).[14] 

 
   

  
 

(          )  (
  
 )

 

 *      (
  
 )

 

 
    

   (          )      ⁄
+

⁄
 

(4.48)  

Where xp is seen in equation (4.49). 

   
  

           
   
⁄  (4.49)  

Where kp is a factor determined by the conductor construction (1 for circular, stranded, 

compacted and sectored cables. 0.8 if the conductors are dried and impregnated), dc is the 

conductor diameter and S is the spacing between conductor centers. 

With the skin effect factor and the proximity effect factor, the AC resistance can be calculated as 

equation (4.50).[14] 

        (       )        (4.50)  

And the total AC resistance over the cable can be seen in equation (4.51). 

                  (4.51)  

Where Clength is the cable length. 

4.4.3 The inductance 

The inductance can be modeled by looking at the internal and external inductance for a 

conductor. To derive these, a straight cylindrical conductor needs to be considered. 
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Ampere‘s law states that the magnetomotive force in ampere-turns around a closed path is equal 

to the net current in amperes enclosed by the path, this expression can be seen in equation 

(4.52).[13] 

     ∫       (4.52)  

Where H is the magnetic field intensity in [At/m], s is the distance along the path in meter and I 

is the current in ampere. 

 

Figure 4.20. Cross section of a round conductor. 

By integrating the magnetic field intensity from the center of the conductor to a distance x, see 

Figure 4.20, noted that the magnetic field intensity is constant at all points that are at a distance x 

from the center of the conductor since the field is symmetrical, the magnetic field can be seen as 

equation (4.53). 

 ∫            
  
   

 (4.53)  

Where Ix is the enclosed current. 

If the current density is assumed to be uniform over the entire conductor, the equation (4.53) can 

be rewritten to equation (4.55) by equation (4.54). 

 
 

   
 
  
   

    
  

  
  (4.54)  

    
 

    
  (4.55)  

As most of the materials in a conductor have a relative permeability very close to 1, the relative 

permeability is assumed to 1. The flux density at a distance of x from the center of the conductor 

is given by equation (4.56). 

         
   

    
  (4.56)  

Where μ0 is the permeability of the free space. 

In a tubular element of thickness dx the flux equals the flux density times the cross sectional area 

of the element normal to the flux lines. The area being dx times the axial length. The flux per 

meter can be seen in equation (4.57). 
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    (4.57)  

The flux linkage can then be calculated by taking the flux per meter times the fraction of the 

current linked, see equation (4.58). 

     
  

  
    

   

    
     (4.58)  

By integrating the flux linkage from the center of the conductor to the outside edge, the total flux 

linkage inside the conductor can be obtained, see equation (4.59). 

      ∫
   

    
     

   

  
 
 

 
           

 

 

 (4.59)  

And from equation (4.59) the internal inductance per meter can be calculated as equation (4.60), 

as the inductance are the flux linkage divided by the current. 

      
 

 
          (4.60)  

Note that the internal inductance is independent of the conductor radius. 

As for the external inductance, consider an isolated cylindrical cable and assume that the tubular 

element at a distance x from the center of the conductor has a field intensity Hx, see Figure 4.21. 

 

Figure 4.21.  A conductor with two external points. 

As the circle with a radius of x encloses the entire current the mmf around the element is given 

by equation (4.61). 

         (4.61)  

Which gives the flux intensity at radius x as equation (4.62). 

    
   

   
  (4.62)  

The flux can then be calculated as equation (4.63). 

     
   

   
   (4.63)  
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And as the entire current is linked by the flux at any point outside the conductor, the flux linkage 

becomes equal to the flux. The external flux linkage between any two points external to the 

conductor can then be calculated as equation (4.64). 

      ∫    

  

  

 ∫
   

   
  

  

  

          
  
  
        (4.64)  

And from equation (4.64), the inductance between any two points outside the conductor can be 

determined as equation (4.65). 

          
    

  
  
      (4.65)  

Now consider a three-phase line shown in Figure 4.22. Assume that each conductor has a radius 

of r and their centers forms an equilateral triangle. Also assume that the currents are balanced as 

          . 

 

Figure 4.22. Three-phase symmetrically spaced conductors and an external point P. 

Assume that the flux linked by the conductor of phase a are due to a current Ia includes the 

internal flux linkages but excludes the flux linkages beyond the point P, from equation (4.59) 

and (4.64) a equation (4.66) can be derived. 

      (
 

 
    

   

 
)      

             
   

  
 (4.66)  

Where r = r e
1/4

. 

The flux linkage of the conductor of phase a due to the current Ib excluding all the flux beyond 

the point P is given by equation (4.64) and can be seen in equation (4.67). 

          
      

   

 
 (4.67)  

And similarly the flux due to the current Ic can be seen in equation (4.68). 

          
      

   

 
 (4.68)  

The total flux in the phase a conductor can then be calculated as equation (4.69). 
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  (    

   

  
     

   

 
     

   

 
) (4.69)  

Which can be expanded to equation (4.70). 

        
  (    

 

  
     

 

 
     

 

 
                        ) (4.70)  

And by using the statement that all the currents are balanced the above equation can be 

expressed as equation (4.71). 

        
  (    

 

  
     

 

 
     

   

   
     

   

   
) (4.71)  

Now if the point P is placed far away from the conductors, the distance to the point P from the 

conductors can be approximated with             and equation (4.71) can be rewritten as 

equation (4.72). 

        
  (    

 

  
     

 

 
)            

 

  
 (4.72)  

Hence the inductance of phase a is given by equation (4.73). 

        
    

 

  
 (4.73)  

Note that due to symmetry, the inductance of phase b and c will be the same as that of phase a. 

4.4.4 The capacitance 

The capacitance in a transmission line results due to the potential difference between the 

conductors. Usually the capacitance can be neglected for power lines that are less than 80 km 

long[13]. To show this a simple simulation has been made. For this simulation a single phase 

line has been used which is built as the phase to phase line would look like in a non-

commutation phase, see Figure 4.23 and Figure 4.24. 

 

Figure 4.23. Model for a single phase line with capacitance. 
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Figure 4.24. Model for a single phase line without capacitance. 

The simulation uses a pulse generator which sends a pwm signal with 50% duty cycle and an 

amplitude of 28 V as the voltage with a frequency of 20 kHz. This frequency is often used as a 

chopping frequency for the inverter and is also used in the IDM640 driver. 

The inductance and resistance is calculated as has been shown above. As for the capacitance, it is 

calculated by looking at the electrical field the charge in the conductor gives rise to. 

With Gauss‘s law the electric flux density at a cylinder of radius x when the conductor has a 

length of 1 m can be derived, see equation (4.74). [13] 

   
 

 
 

 

   
    ⁄  (4.74)  

Where q is the charge of the conductor in coulombs per meter of length and x is the distance 

from the conductor which the electric flux density is calculated. 

The electric field intensity is defined as the ratio of electric flux density to the permittivity of the 

medium, see equation (4.75). 

   
 

     
    ⁄  (4.75)  

Let two points P1 and P2 be located at a distance D1 and D2 from the center of the conductor, see 

Figure 4.25. 

 

Figure 4.25. Conductor with two external points. 
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Assume that the uniformly distributed charge is concentrated at the center of the conductor. The 

voltage drop can then be calculated by integrating the electric field intensity from point P1 to P2, 

see equation (4.76). 

     ∫     
  

  

∫
 

     
   

 

    
  
  
  
    

  

  

 (4.76)  

Now consider a single phase system with two conductors, see Figure 4.26.  

 

Figure 4.26. A single phase line with two conductors. 

Each conductor carries a charge of q1 and q2 respectively and has a radius of r1 and r2. One of the 

conductors acts as a return. Assume that the distance between the conductors is much larger than 

the conductors radius and the height of the conductor is much larger than D, so the ground does 

not disturb the flux. 

Assume that conductor 1 carries the charge q1 alone, the voltage drop between the conductors 

can then be calculated as equation (4.77). 

    (  )  
  
    

  
 

  
     (4.77)  

Similarly if second conductor carries the charge q2 alone, the voltage drop between the 

conductors can be calculated as equation (4.78). 

    (  )  
  
    

  
 

  
     (4.78)  

Which implies equation (4.79). 

    (  )  
  
    

  
  
 
     (4.79)  

With the principle of superposition, equation (4.80) can be derived. 

        (  )     (  )  
  
    

  
 

  
 

  
    

  
  
 
   (4.80)  

For a single phase line, assume that         . Equation (4.80) can then be simplified as 

equation (4.81). 
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    (4.81)  

Assume that        . Equation (4.81) can then be rewritten to equation (4.82). 

     
 

   
  
 

 
    (4.82)  

The capacitance between the conductors is therefore given by equation (4.83). 

     
   

  (  ⁄ )
    ⁄  (4.83)  

With the capacitance known, the simulation can be performed. Four different lengths of cable 

has been simulated, 10 m,100 m,1000 m and 10000 m. The resulting voltages can be seen in 

Figure 4.27 to Figure 4.30. The simulation was done with a PWM voltage from 0 to 28 V. The 

figures are zoomed at one of the steps of the PWM, except for the simulation with a 10 km cable, 

since the effect of the capacitance is clearly visible. 

 

Figure 4.27. Comparison of the voltage with and without capacitance with a 10m cable, zoomed. 



 

59  

 

 

Figure 4.28. Comparison of the voltage with and without capacitance with a 100m cable, zoomed. 

 

Figure 4.29. Comparison of the voltage with and without capacitance with a 1000m cable, zoomed. 
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Figure 4.30. Comparison of the voltage with and without capacitance with a 10000m cable. 

 

The simulations show that the capacitance doesn‘t make a huge impact until the cable length 

reaches 10000 m. The overshoot is less than 1% with cable lengths under 1 km, about 1% with a 

1km long cable and over 10% with a 10 km long cable. With this simulation it can be concluded 

that the capacitance between the cables can be neglected when dealing with cables up to 10 m. 

Due to Mathworks MATLAB Simulink inability to simulate magnetic field, the effect of the phase 

cables on the hall signal cables will not be modeled in this thesis. 

4.4.5 Simulink model of the cables 

The cable model are modeled the same way as the inverter, using a MATLAB function block. 

Where the equations (4.45), (4.51) and (4.73) are used to calculate the voltage drop. The output 

voltage are then calculated by taking the input voltage and subtract or add the voltage drop 

depending on if the input voltage are positive resp. negative. 

An overview of the whole model with the cable model included can be seen in Figure 4.31. 
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Figure 4.31. Overview of the whole model including the cable model 

4.5 Model verification 

To verify the complete motor, inverter and cable model, first the stability and accuracy of the 

measurement method are needed to be checked. To check the stability of the measurement 

method, ten measurements of the phase currents at the exact same situation were preformed. The 

current has been drawn from the IDM640 which has an integrated shunt over the phases, how 

accurate this measurement is will be shown later. By comparing the results from ten 

measurements, the variance can be mapped. In these measurements a 0.5 meter cable are used. In 

Figure 4.32 and Figure 4.33 a comparison between two different measurements has been made, 

when introducing more measurements in the same plot it gets very hard to distinguish between 

them and therefore only two measurements can be compared in the same plot. A calculation of 

the standard derivation was also done. The calculation showed that the comparison between the 

tests had a standard derivation of 0.59 A. This value is quite high compare to the peak current on 

3A. The reason of such high standard derivation is that the different curves have a small phase 

shift. This phase shift will make the standard derivation really high but in reality it does not 

make a huge impact. The phase shift comes most likely from the mechanics of the system. 
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4.5.1 Current measurements 

 

Figure 4.32. Comparison between test1 and test2. 

 

Figure 4.33.  Comparison between test2 and test3. 

The comparison shows that the variance of the measurements is so small that it can be neglected. 

To verify that the current from the IDM640 is accurate, five measurements of the phase currents 

with the IDM640 and a current clamp were preformed. In Figure 4.34 one of the comparisons 

between the IDM640 current and the current clamp measurement can be seen. Also here the 

standard derivation was calculated. The calculation showed that the comparison between the 

current clamp and the current from the IDM640 had a standard derivation of 0.13 A. Which is 

basically the noise in the current clamp. 
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Figure 4.34. Comparison of current in phase a with current clamp and the measurement of the drive. 

The result is that the current information from the IDM640 is accurate enough and can be used 

for easier measuring. 

To validate the complete model, simulations were compared to measurements. The position 

regulator for the model has been modified with trial and error to get as close to the reality as 

possible, both the model and the drive are using a PID regulator. The comparison was made from 

the position of the valve and current curves. As the phase currents are linked, only one of them 

will be shown here. The position and phase A current can be seen in Figure 4.35 resp. Figure 

4.36 and Figure 4.37. 
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Figure 4.35. Comparison of simulated and measured position during a step of 44 valve degrees. 

 

Figure 4.36. Comparison of simulated and measured Phase A current. 
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Figure 4.37. Comparison of simulated and measured Phase A current, zoomed. 

As can be seen in the figures, the simulations do not follow the measurements exactly. However 

the current figure shows a similar behavior. There are many factors of the inequality. The main 

reason is that it is uncertain how the inverter controls the motor and therefore hard to model the 

drive. The model created of the drive uses soft chopping which is one of the most common ways 

to steer a brushless dc motor. However, the transistors are considered ideal and the switching 

time is assumed to be zero. Other contributing factors could be that the brushless dc motor model 

does not take into account for the mutual inductance between the phases or that the phase 

resistance and inductance varies with the temperature of the motor. 
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5 SENSORLESS CONTROL 

With the basic knowledge of how the motor works, a study of the sensorless control will now be 

given. An introduction of why sensorless control is important and what kind of advantages it 

gives will be given. After that the different types of sensorless control will be presented. 

5.1 Introduction 

Sensorless control is known by eliminating the mechanical position sensor by an electronic 

method. Over the years many interesting sensorless methods for switched reluctance motors has 

been proposed by researches though despite the advancements none of the present methods has 

been able to replace the mechanical sensor without putting some limitations in the drive. 

There are mainly two reasons why there has been an enormous interest in eliminating the 

mechanical rotor sensors: 

1. Reduction of costs: The sensor may be a significant part of the overall system cost. The 

mechanical size of the sensors and the required leads also play important roles. 

 

2. Operation in a harsh environment: In applications with extreme environmental conditions, 

such as high temperature, pressure and speed, a sensor may lead to reliability problems. 

The basic idea of most sensorless methods is that the rotor position information can be obtained 

by measuring the stator circuit (current and voltage at the motor terminals) or their derived 

parameters (phase inductance or others). In other words, the information is obtained from the 

magnetic characteristics of the machine itself. The magnetic characteristics of a switched 

reluctance motor are nonlinear and are influenced by the local saturation of the stator and rotor 

poles.[15] 

The sensorless methods can be classified by using a method, which considers if the method is 

based on variables of the energized phases, variables of the unenergized phases or use of other 

variables. Using this criterion the sensorless methods mainly fall into three major groups 

1. Open loop methods. 

 Dwell angle compensation. 

 Commutation angle compensation. 

2. Energized phase methods. 

 Chopping waveform. 

 Regenerative current. 

 Flux-linkage. 

 State observers. 

 Irregularities in stator/rotor poles. 

 Current waveform. 

3. Unenergized phase methods. 

 Active probing. 

 Modulated signal injection. 

 Regenerative current. 



 

68  

 

 Mutually induced system. 

These groups will be further explained in this chapter. 

5.2 Open-loop methods 

In this group the motor is controlled from a variable frequency oscillator in a traditional 

synchronous manner in open-loop, as a stepper motor. Miller and Bass (1986) showed that the 

dwell angle is proportional to the maximum pull-out torque; at maximum dwell angle there is 

also maximum pull-out torque [16]. The dwell angle is the transistor conduction angle from 

switched on to switched off, which is when the flux is build up from zero to its peak value. It 

was also shown that the dwell angle is inversely proportional to the efficiency. In other words, at 

minimum dwell angle there is maximum efficiency. The maxima of the pull-out torque and 

maxima of the efficiency are obtained at around the same torque angle. Hence, to maintain a 

constant torque angle which maximizes the efficiency for different load torques, it was proposed 

that the dwell angle is adjusted. When there is a load transient the dwell angle is increased to 

compensate the load torque maintaining the torque angle. 

To adjust the dwell angle the average d.c. link current is used, i.e. if the d.c. link current is 

increased then the dwell angle must also be increased in order to maintain the torque angle. By 

adjusting the frequency oscillator when there is a transient in load, the stability is improved even 

further. Oldenkamp (1995) made some improvements on this by adding a control circuit which 

allowed changes in speed and direction of the rotation [17]. 

A similar method was proposed by Vukosavic (1990). The difference was that instead of 

adjusting the dwell angle it was fixed and the commutation angle was adjusted [18]. 

The main advantages with these methods are: compared with the open-loop control these 

methods have maximized efficiency with improved stability while at the same time having a 

low-cost implementation. Their biggest disadvantage is the feedback signal; the nature of the 

feedback signal makes it poor in dynamic performance. Therefore it is not applicable for 

variable-speed drives. These methods are applicable on motors running at constant speed with 

approximately constant load. The method assumes that the firing angles are synchronized with 

the rotor position and can therefore not provide with a direct rotor position. It is also impossible 

to control the motor at zero speed.[15] 

5.3 Energized phase methods 

Methods that use variables from the phase that is energized consist in this group. For example 

the regenerative current when the rotor passes the aligned position, the intrinsic magnetic 

characteristics of the machine are based on state observers and lumped parameter networks. Also 

a method which use the shape of the current wave form or its derivative and one that introduces 

irregularities in the inductance profile in a specific rotor position. 

5.3.1 Chopping waveform 

The chopping waveform method was proposed by Hill and Acarnely (1985)[19]. The motor is 

controlled by hysteresis current regulation and by a chopper in a hysteresis band the current can 

be maintained approximately constant. The effective inductance of a coil of transformer winding 

can change, depending of the DC and AC current that it carries. This change in value is known 

as incremental inductance. The incremental inductance decides at which rate the current swings 
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around the required level. By using the chopping characteristics the instantaneous rotor position 

may be detected indirectly, as the incremental inductance is rotor-position dependent.  

Panda and Amaratunga (1993) proposed equations to calculate the rise and fall time in the 

hysteresis band [20]. These equations showed that the rise and fall times are depended on the 

incremental inductance, the voltage drop across the phase resistance and the back-EMF. As both 

the voltage drop across the phase resistance is uncertain and the back-EMF varies as a function 

of speed and rotor position, the detection of rotor position using this method gets complicated. At 

low speed the phase resistance and the back-EMF can be neglected and therefore Panda and 

Amaratunga (1993) showed that it was preferable to use the rise time for detecting rotor position 

instead of the fall time because the rise time is depended on the speed unlike the fall time[20]. 

Panda and Amaratunga made a further study of this method and the result showed the difficulty 

of estimating the position [20][21]. Also a comparison between the open-loop method and the 

chopping current waveform method were presented in Panda and Amaratunga‘s study which 

suggests some changes to improve the stability of the method [22]. 

The main advantage of these methods is the easy implementation with simple electronics. As 

these methods use current regulation they are more suited for low speed, zero to a third of the no 

load speed, application. The main disadvantages for this method are: the back-EMF; as it needs 

to be known which is difficult to measure when the motor is running, incremental inductance, as 

it depends on the current amplitude which introduces uncertainty at high current levels; and also 

the current chopping; as it limits these methods to low speeds.[15] 

5.3.2 Regenerative Current 

A sensorless method that uses the rate of change of the phase current by applying a PWM to the 

motor phases and monitor the rate of change of the phase current in each PWM period was 

patented by Holling (1997-1998)[23]. As the rate of change of the phase current is a function of 

the incremental inductance, the position can be estimated. This method also suffers from the 

uncertainty of the incremental inductance at high current levels and the back-EMF errors. 

However, the advantage of this method is that it allows PWM current control.  

Acarnley (1985) proposed another method which uses the initial current gradient instead of the 

rise time in the chopping waveform[19]. Obradovic (1988) thought of another idea, to sample the 

current at a certain time after the beginning of the commutation. At that time the current is a 

function of the rotor position. The difference between the sampled value and the reference value 

can then be used to control the hysteresis current reference so that the desired rotor position is 

corrected during the next cycle. By sample the current at the beginning of the commutation, 

where the phase inductance is linear, the back-EMF effect is minimized. However, as this 

method also uses current regulation, it is sill limited to low and medium speed, a third to full no 

load speed. 

Reichard (1989) proposed a method which senses the regeneration current in the energized phase 

[24]. In this method hysteresis control is not used, instead the drive is controlled by soft 

chopping current control, see 4.3.1 Soft chopping. In soft chopping the phase is turned off when 

the current is above the current reference, the current will then freewheel and this current is 

observed. The freewheeling current is depended on the inductance, when the inductance 

increases the freewheeling current decays and vice versa, and the inductance is dependent on the 

rotor position. Therefore the position can be calculated with the freewheeling current. 
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The main disadvantage of this method is poor efficiency and speed limited to below no-load 

speed where current regulation is possible. Even this method is better suited for small motors at 

low constant speed. It should be noted that it is not applicable at standstill. The main advantage 

would be the easy implementation.[15] 

5.3.3 Flux-linkage 

There have been several methods proposed which make use of pre-stored values of either phase 

inductance or flux-linkage for detecting rotor position. Hedlund and Lundberg (1991) proposed a 

method which indentifies a particular inductance value per stroke, a stroke is the cycle of torque 

production associated with one current pulse, which corresponds to a rotor position in the rising 

inductance region[25]. The method states that a known position is reached when the inductance 

of the phase winding reaches a predetermined inductance value. 

Lyons and MacMinn (1992) proposed another method which makes use of a multi-dimensional 

table stored with a set of magnetization curves [26]. Magnetization curves are usually used to 

describe the magnetic characteristics for a switched reluctance motor; it‘s a curve of flux-linkage 

versus current at a particular rotor position. During a predetermined region where the phase 

inductance is changing rapidly; defined over an electrical cycle, the flux-linkage and phase 

current are measured. Given the flux-linkage and the current, the rotor position of the energized 

phase can be estimated with the help of the magnetization curves. This method needs a 

significant amount of storage for the data and a fast digital signal processor. A promising 

application would be high-speed starter/generator. Lyons (1992) made further improvements on 

this method by minimizing the amount of stored data[26]. He proposed to only store one 

magnetization curve which would represent a reference position between the unaligned and 

aligned positions; aligned position is the rotor position which gives maximum inductance and the 

unaligned is the position which gives minimum inductance, instead of a multi-dimensional table 

of a range of positions. The current is then used as an index for looking up the reference flux-

linkage in the table. The reference flux-linkage is then compared continuously with the measured 

flux-linkage until the reference value is reached. 

Ray and Al-bahadly (1994) proposed another method which made use of only one magnetization 

curve which represented a rotor position between the unaligned and the aligned position[27]. 

However, this method uses an extra vector that represents the variation of the position and the 

flux-linkage as a function of current. With the variation of the flux-linkage and the position the 

error of the position can be calculated and the true rotor position also. 

Lyons and MacMinn(1992) also proposed a lumped parameter reluctance network model of the 

motor [28]. The model includes lumped network of rotor, stator and air gap reluctance terms 

where many of these are functions of the rotor angle. The flux-linkage and the current for each 

phase are measured simultaneously. From these measurements the reluctance terms are 

determined and are used to estimate the rotor position. This method includes all the nonlinear 

effects of the machine and therefore needs a large amount of stored data and computation time. 

Lyons and Preston (1996) also suggested a method where the flux-linkage and the current are 

measured in an unenergized phase at low speed and an energized phase at high speed[29]. 

The main disadvantage of these methods is the calculation of the flux-linkage by integration of 

the phase voltage, due to the phase resistance varies strongly with the temperature. Also at low 

speeds the integration errors can be large because of the long integration periods. The high 

computation time and the large amount of stored data is another drawback. The computation 
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time can be reduced but with a cost of reduction of resolution in the estimation of rotor position. 

The main advantages are applicable in a wide speed range, good accuracy and four-quadrant 

operation of the drive is possible. These methods are most suited for medium and high speed, 

above no load speed, applications because of the difficulty of calculating flux-linkage at low 

speed.[15] 

5.3.4 State observers 

Lumsdaine and Lang (1990) proposed a method that used a complete mathematical model of the 

system, which includes the mechanical load, and runs simultaneously with the real system[30]. 

In this system the voltage is the input and the current is the output. The error of the estimated 

current and the measured current is used as an input to the model to adjust the gains, which the 

model uses to estimate the position. 

Jones and Drager (1998) made improvements by using a Kalman filter estimator for absolute 

rotor position estimation[31]. This method uses four blocks. The first is called relative angle 

estimator which uses the magnetization curves to estimate the rotor position from each energized 

phase, similar to Lyons. The second block calculates the absolute rotor position with the position 

estimation of each phase. The third block is the Kalman filter estimator, which by the position 

values given by the second block estimates the rotor position, speed and acceleration. The last 

block uses the position estimation by the Kalman filter and calculates the instantaneous rotor 

position, this is needed due to the Kalman filter is not fine enough for phase commutation 

because heavy computation.  

The main disadvantages of these methods are: requires a high speed DSP due to the real time 

implementation of complex algorithms, a large amount of stored data and speed limitations 

imposed by the DSP. The advantages are: high resolution detection of rotor position, high 

accuracy in estimation rotor position, applicability to the whole speed range, good performance 

in load torque transients and can also be used at standstill.[15] 

5.3.5 Irregularities in stator/rotor poles 

Bartos (1993) proposed a method which introduced an irregularity such as a notch in at least one 

of the stator pole faces and/or at least one of the rotor pole phases[32]. This irregularity would 

alternate the inductance profile which also could be seen in the current waveform and therefore 

the specific rotor position, where the notch was made, can be detected. 

The main disadvantage would be that the inductance profile is affected which means that the 

torque ripple is increased. Also the mechanical complexity would increase due to the notches in 

the stator/rotor poles. The main advantages could be that it is simple to detect one rotor position 

once the notch has been made. However, this method does not work if the motor is current 

controlled.[15] 

5.3.6 Current Waveform 

Sood et al. (1995) proposed a method which compared the actual current waveform with a 

desired current waveform, if they do not match the commutation angle is adjusted[33]. The 

current profile is sampled at the middle of the commutation angle and just before the phase is 

turned off. The rate of change of the current is then calculated and compared with the desired 

value. The commutation angle is then adjusted accordingly to the error. 
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The main disadvantages of this method are: a large amount of data is needed as the current 

waveform is speed dependent, no rotor position is estimated and the dwell angle must be fixed at 

180 electrical degrees. The main advantages are: easy implementation, allows four-quadrant 

operation and reasonable stability for speed transients.[15] 

Lim (1996) patented a method which the phase current waveform is differentiated directly from 

each phase[34]. The rate of change of the current is then amplified and compared to a reference 

value and the result is used as a commutation signal.  An alternative option is to make the rate of 

change of the current pass through a low-pass filter in order to introduce a delay. The resulting 

signal is then amplified and compared with a second reference value and the result is ―OR:ed‖ 

with the signal from the first comparison to obtain a commutation signal. 

The main disadvantages of this method are: not applicable at standstill or low speed, dwell angle 

is fixed and it is inflexible in advancing the commutation angle. The main advantages are: simple 

implementation and low cost.[15] 

Kjaer (1994) proposed two methods, a current gradient and a voltage magnitude method, which 

detects the rotor position where the rotor and stator starts to overlap. The current gradient 

method uses the change in current when the motor is operated with PWM-voltage control and the 

voltage magnitude method uses the change in the average phase voltage when the motor is 

operated in constant current regulation.[35] 

The main disadvantages of this method are that stored data may be required and its not 

applicable at standstill. The main advantages would be that it works for the whole speed range 

and it‘s easy to implement. 

5.4 Unenergized phase methods 

In this group, most of the methods use a measured phase inductance in an unenerized phase to 

estimate the rotor position. These methods usually inject a low level chopping current waveform 

in the unenergized phases. The advantage would be that they eliminate the effect of the magnetic 

saturation and also minimizing the effect of the back-EMF. Methods using modulation 

techniques or a modulated resonant frequency to estimate the phase inductance and therefore the 

rotor position, does also belong to this group. This group also consists of methods using a mutual 

induced voltage and a low level regenerative current in an unenergized phase for indication of 

rotor position. 

5.4.1 Active probing 

Hill and Acarnley (1985) suggested a method to use a low chopping current waveform in an 

unenergized phase[36]. The probing pulses are injected at a high frequency, normally in the 

range of 4 to 20 kHz. To neglect any negative produced torque, the current peak of the probing 

pulses is set relatively small. By comparing the peak current with a threshold value the phase 

commutation is found. By increasing or decreasing the threshold value, the commutation angle is 

advanced or retarded respectively. 

McCann (1999) proposed to have two sets of coils per pole. One set of coils is used to drive the 

motor and the other is for injection of the probing pulses to estimate the rotor position[37]. The 

main advantage of this method is that the set of coils is independent which means that the time 

for probing pulses is not limited at high speed. The disadvantage is that two bridges per phase 

are required.  
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Blackburn (1998) patented a method which compensates for variations in the phase 

inductance[38]. This is done by holding the magnitude of the first probing pulse after the phase 

is unenergized (minimum peak) and the other probing pulse before the phase is energized 

(maximum peak). The threshold is then calculated as a function of the minimum and maximum 

peak and the position is estimated when the peak of the probing pulses exceeds the threshold. 

The disadvantages of these methods are: at high speed the current flows in a phase for almost the 

whole electrical cycle and therefore it is difficult to implement them at high speed. They are 

sensitive for mutual coupling due to the current in the active phases induces voltage in the 

unenergized phase and decreased overall drive efficiency. The main advantages are: allows for 

quadrant operation, no extra circuit is needed as the probing pulses are injected from the main 

converter, works at standstill, if two phases are probed the unique rotor position can be obtained 

and the back-EMF effect is minimized.[15] 

5.4.2 Modulated signal injection 

Ehsani (1995) proposed a method using modulation techniques (frequency, amplitude and phase 

modulation) to measure the phase inductance in an unenergized phase[39]. The frequency 

injection method needs an oscillator to be connected to the phase winding of an unenergized 

phase. The oscillator is designed to have a frequency that is inversely proportional to the phase 

inductance. The probes should then be connected to the external frequency modulator. An 

alternative would be to inject a low level sinusoidal voltage with fixed frequency and amplitude 

applied to an unenergized phase. The inductance can be measured from the change in either 

phase displacement or amplitude as these vary as a function of the phase inductance. 

The main disadvantages are: isolation of the sensing circuit and the power converter, specific 

phase inductance must be known, an external modulator circuit is needed and the speed range is 

limited up to medium speed. The main advantages are: allows four-quadrant operation, back-

EMF effect is minimized, good accuracy for the position estimation and it works at 

standstill.[15] 

5.4.3 Regenerative current 

Van Sistine (1996) proposed a method using the regenerative current in an unenergized 

phase[40]. The phase is turned off at a specific rotor position and is turned on again at another. 

The lower switch in the six step bridge is kept on while the upper switch is chopped at fixed 

frequency in order to maintain the current at a low value so no significant negative torque is 

generated. The next phase in the sequence is then energized when the peak current exceeds a 

reference value. 

The disadvantages of this method are: not applicable at high speed, generates small negative 

torque which decreases the overall efficiency of the drive, don‘t work at standstill, limits the 

possible commutation angles. The main advantages are: easy implementation and precise 

inductance data is not required.[15] 

5.4.4 Mutually induced systems 

Austermann (1993) proposed a method which uses the mutually induced voltage in an 

unenergized phase produced from the current in an active phase[41]. He claims that at a known 

position, determined by the motor geometry, the induced voltage passes through zero. 
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Horst (1997) proposed a method which observes the induced current in an unenergized phase 

when the coils are in parallel or series-parallel[42]. Due to the variation in the machine 

parameters; such as airgap, phase inductance and phase resistance; Horst claims that the current 

flowing in the closed unenergized phase has a pronounced indentation which is representative of 

rotor position. A disadvantage with this method is that an extra pair of leads and one extra 

current sensor per phase is needed. 

The main disadvantages of these methods are: current profiling is not allowed as the mutual 

voltage induced depends on the level of the current in the excited phase, noise due to the ratio 

between the induced voltage and the system noise is small and the speed range is limited up to 

rated speed of the motor, where there is enough zero current period to observe the induced 

voltage. The main advantage is: estimating the rotor position by direct measurement of an 

internal signal, no injections.[15] 

5.5 Summary 

This chapter has reviewed some of the existing methods of sensorless motor control for switched 

reluctance motors. Until now, there is no method which can replace a fully mechanical sensor 

attached to the motor shaft. To cover the whole speed range with good accuracy, a combined 

method of probing pulses for low speed and flux-linkage observers on an active phase for high 

speed seems most suitable. 

The sensorless methods that have been discussed are suitable for different motor performance. 

These methods will be classified according to four applications; servo, 4-quadrants, 2-quadrants 

and constant speed. The servo application required precise feedback of rotor position and speed 

of the motor over the whole range speed. Therefore this application needs an instantaneous rotor 

position. The 4-quadrant application required 4-quadrant operation but the accuracy of the rotor 

position is less important. As for the 2-quadrant application most of the methods can be used 

with good performance but some methods may be more applicable. There are also some 

applications that requires driving the load at constant speed with modest load torque transient 

capability. Hereby follows the classification of the methods discussed.[15] 

 Servo: 

o Flux-linkage 

o State observers 

o Active probing 

 4-quadrants 

o Modulated signal injection 

o Current waveform 

 2-quadrants 

o Modulated signal injection 

o Current waveform 

o Chopping waveform 

o Irregularities in stator/rotor poles 

 Constant speed 

o Dwell angle comp. 

o Regenerative current 

o Mutual induced systems 
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6 SIMULATIONS AND TESTS 

In this chapter a description of how the test bench was setup, how the simulations ware run and 

the results of the measurements and simulations will be presented. 

5.1 Simulation Setup 

The simulation has been run with a position step from 0 to 44 degrees. The cable temperature has 

been assumed to be 20 degrees Celsius and both the resistance and inductance has been 

calculated as described in 4.4 Cable model. 

The same cross section area on the cables as on Scania truks has been used, which is 4 mm
2
 for 

the phase voltage cables and 0.75 mm
2
 for the hall signal cables. 

5.2 Test Setup 

The test bench consists of a magnetic powder brake, a torque sensor and the BLDC motor. 

The magnetic powder brake consists of a disc which rotates with the shaft. The disc is 

encapsulated in the motor housing and in the cavity, between the two, is a fine steel powder. The 

braking performance is achieved when a current is passed through the windings and a magnetic 

field is created across the disc. The steel powder forms ―chains‖ between the disc and the motor 

housing, which slows the rotation. When no current passes through the windings the powder is 

flowing freely. The resistance on the disc can thus be controlled by how large current is flowing 

through the windings. The magnetic powder brake is from Placid Industries and has a torque 

range of 5 to 395 Ncm 

To measure the torque, a torque sensor from Kistler is used. The sensor has a very high accuracy 

with an error of only 0.2 percent. On the axle a strain gauge is mounted, which when burdened 

increases the resistance. When the axle is loaded with a torque, a signal between ± 5 V is sent, in 

which one voltage corresponds to 0.4 Nm. By adding a voltage sensor, the voltage drop can be 

measured and converted into a torque. 

The test bench can be seen in Figure 6.1. 

 

Figure 6.1. Picture of the test bench. 

Magnetic powder 

brake 

Torque 

sensor 

Electrical 

motor with 

gear 



 

76  

 

The electrical motor is connected to the drive with a cable of 4 mm
2
 for the phase voltage and 

0.75 mm
2
 for the hall sensor feedback. At the measurements the hall sensor cables and the phase 

voltage cables are placed as close as possible to each other. 

The oscilloscope for measuring the hall signals was sampling at a frequency of 100 kilo samples 

per second. Note that this sample rate will filter out noise with a very high frequency. Another 

note is that no delay can be stated with these measurements as the oscilloscope triggered at 

slightly different times at each measurement. This is due to the fact that the oscilloscope did not 

have a good external trigger point.  

5.3 Result 

The test was performed with seven different cable lengths: 0.5 meter, 10 meter, 13 meter, 15 

meter, 16 meter, 17 meter and 18 meter. The reason why no tests were performed between 0.5 

meters and 10 meters will be shown below. 

To investigate the cable lengths effect on the control, plots of the position and hall signal will be 

shown. The position and current value was taken from the IDM640 drive and the hall signal was 

measured with an oscilloscope. 

In Figure 6.2 and Figure 6.3, the position is shown for 0.5, 10, 13 and 15 meters resp. 0.5, 16, 17 

and 18meter.  

 

Figure 6.2. Position curve over cable lengths of 0.5, 10, 13 and 15 meter. 
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Figure 6.3. Position curve over cable lengths of 0.5, 16, 17 and 18 meter. 

The position curves show clearly that the position control is not affected by the cable length up 

to 15 meters, and therefore tests between 0.5 and 10 meter cables were not necessary. But above 

15 meter cables the control shows some abnormalities. It can be noted that when the 

abnormalities are not occurring, the curves do follow each other good, therefore it can be 

concluded that the resistance in the cables are not the faulty factor. As the abnormalities follow a 

strange pattern it is most likely the hall sensor cables that gets affected by noise and the phase 

cables. A plot of one of the hall signals for the different cable lengths can be seen in Figure 6.4 

and Figure 6.5. Note that the plots are zoomed for better viewing. 

  



 

78  

 

 

Figure 6.4. Hall sensor signal at cable lengths of 0.5, 10, 13 and 15 meter. 

 

Figure 6.5. Hall sensor signal at cable lengths of 0.5, 16, 17 and 18 meter. 
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As the oscilloscope triggered at different times during each measurement, no starting delay can 

be established. Though it can be seen that the longer the cables get the more out of phase the hall 

signals get. Also the noise does get worse with the length of the cable. However the noise at 18 

meter cable is not big enough to disturb the control of the motor. It is therefore most likely that 

the abnormalities are a consequence of the phase cables interfering with the hall signal cables. 

From the position curves it can be seen that the abnormalities occur when the motor is 

accelerating or decelerating which also strengthens the theory due to that the motor requires 

more current when doing so. When more current flow through a cable the magnetic field around 

it gets stronger, this interferes with the hall sensor cables. 

As the model does not include the effect from the phase cables on the hall signal cables, no 

abnormalities can be seen. The simulations show that the resistance and inductance of the phase 

cables do not disturb the control at any high degree, which is also the case for the measurements. 

The simulated position curves, zoomed at a step to easier see the difference of the cable lengths, 

can be seen in Figure 6.6. 

 

Figure 6.6. Simulated position curve over cable lengths at 0.5, 10, 13, 15 and 18 meter. 
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7 DISCUSSION AND CONCLUSION 

In this chapter a conclusion of the thesis, a discussion of the results and some examples for 

future work will be presented.  

6.1 Discussion 

In the modern day no sensorless methods have been able to fully replace a mechanical sensor. 

The main reason is that the methods that can bring good position estimations comes with high 

costs while methods with low costs usually have poor position estimations capabilities. By 

combining several sensorless methods the position estimation might even be as good as for a 

mechanical sensor. However, to combine several methods a high speed DSP would be needed, 

which has a high cost. The application used in this thesis requires good position accuracy, it 

needs to be able to run at speeds up to no load speed, two-quadrant operation and be able to work 

at standstill. With these requirements the most suitable sensorless methods studied in this thesis 

would be flux-linkage, state observers, active probing and modulated signal injection. 

The models created with Mathworks Matlab Simulink differed a bit with the given driver and 

motor. The most significant abnormally is the position curve which could not be adjusted to look 

like the reality. The main reason is due to the loss of knowledge at how the driver is steering the 

motor. Other reasons can be that the model is quite ideal. The transistors in the six step bridge 

are considered lossless, the brushless dc motor model has not taken to account for the mutual 

inductance between phases nor has it considered the variation in resistance and phase inductance. 

The measurements of different cable lengths showed that cable lengths up to 15 meter did not 

disturb the motor control at any high degree. At any longer cable lengths the position curve 

shows some abnormalities. These abnormalities occur when the motor is accelerating and 

decelerating, which can show that the main reason for the abnormalities are most likely the 

interference from the motor phase cables. When the motor is decelerating or accelerating the 

current is at its highest value and as the magnetic field depends on the current, the interference 

caused by the magnetic fields are also at its highest value. 

Due to the fact that the cable model did not take account for the interference between the phase 

voltage cables and the hall sensor cables, the abnormalities seen in the measurements on the real 

system could not be seen in the simulations. The reason why the interference was not modeled is 

because of Simulinks inability to model magnetic and electric fields. 

6.2 Conclusion 

This thesis has discussed some of the sensorless methods that exists today and concluded that 

there is no method that can today fully replace a mechanical sensor. For the application used in 

this thesis there are some sensorless methods which are more suited and could be further studied. 

These methods are flux-linkage, state observers, active probing and modulated signal injection. 

Models were created for a brushless dc motor, a six-step bride, soft chopping control method and 

the cables used between the motor and the driver. The simulations differed with the given driver 

and motor. This was most likely because of no knowledge about how the driver steered the 

motor. The soft chopping method was assumed as it is one of the more common control 

methods. 
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The measurement showed that cable lengths up to 15 meter did not affect the motor control. 

However cable lengths over 15 meters had some abnormalities. These abnormalities are most 

likely caused by the interference between the phase voltage cables and the hall sensor cables. 

As the cable model didn‘t include a model over the interference between the phase voltage 

cables and the hall sensor cables, the abnormalities which were found in the measurements could 

not be seen in the simulations. 

6.3 Future work 

Some recommendations for future work are listed below: 

 Further improvement of the model: The model is far from perfect. The inverter model is 

ideal. The transistors switch time is considered instant. An improvement would be to 

consider losses in the transistors and delays for the switch time. The brushless dc motor 

has not taken to account for the mutual inductance between the phases and the variation 

of resistance and phase inductance with the temperature. As for the cable model, it has 

not modeled any outside noise or interference on the signal cables from the phase cables. 

 

 Testing on high effect motors: The tests and simulations has been done on a low effect 

motor of 50 watt. A higher effect motor would probably have harsher limitations due to 

the cable length. A even better improvement would be to test a real electrical motor 

which right now operates on the truck and study the cable length effect. 

 

 Testing different cables: In this thesis only loose cables, one for each phase and hall 

signal, have been used. A further study would be to try other types of cables. Would 

shielded or twinned cables make a different?  

 

 Other environment: All the results given in this thesis are in an office environment. A 

study of other environments would be a great contribution. Maybe test the whole setup 

near a running truck. Or maybe use a EMC pistol to simulate another environment. 

 

 Study of good elimination methods for noise: A study of methods which can be used to 

eliminate any noise would be a good contribution 

 

 A Scania own drive: Another good future work would be to build and study a Scania own 

drive, here a good method of eliminating noise could be handy. 

 

 Implementing sensorless control: Depending on the application different sensorless 

methods is possible and suited. A study of which sensorless method or maybe a 

combined method with more than one sensorless method that can be used on the 

application would be a great contribution. To go even further, a test with implementing 

the method on a drive could be done. 
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