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Abstract 
The production industry is getting more and more automated and that implies higher energy 
consumption. With the increasing awareness of the earth limited resources and the increasing 
energy prices, energy conservation grows in relevance, both due to cost reduction and 
environmental benefits. One way to conserve energy is to optimize the energy usage within the 
business and reduce the losses. Regenerative braking is already in use today for this purpose in 
vehicles. The aim of this thesis is to investigate how regenerative braking can be fitted into the 
production industry and what adaptations need to be made. This thesis is based on an earlier 
study that has set up a mathematical model for energy regeneration in mechatronic systems and 
the goal of this thesis is to build a test rig and verify the correctness of these models. 
 
One suggested improvement to the automotive systems are the introduction of super capacitors 
as a secondary energy source because they can charge more rapidly compared to batteries which 
is required during the expected fast accelerations. In the performed tests an efficiency 
improvement of 10 % was shown. The earlier study however suggests an efficiency rate of 60% 
but those models do not include frictional nor electrical losses. The results are complemented by 
a discussion were a number of changes to the design is proposed. A different motor control 
system would significantly enhance the rig and a result more like the expected can be achieved. 
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Sammanfattning 
Det ökade antalet elektromekaniska maskiner i industriella tillämpningar medför en ökad 
energianvändning. Då våra begränsade resurser mer och mer belyses i media och med stigande 
energipriser ökar intresset hos företagen för att minska sin energianvändning, dels för att 
reducera sina kostnader och dels för att minska den miljöbelastning slutprodukten medför. Ett 
sätt att göra detta är att minska energiförlusterna inom sin produktion. Regenerativ bromsning är 
en teknik som används i fordon idag och kan användas för detta syfte. Detta arbete ska 
undersöka hur sådan teknik kan användas i tillverkningsindustrin och vilka förändringar som 
måste göras.  Ett tidigare arbete har satt upp teoretiska modeller för detta och det här arbetet 
syftar till att bygga en tesrigg för att praktiskt undersöka modellernas korrekthet. En förbättring 
mot det system som används i dagens bilar är att införa superkondensatorer som parallell 
energikälla då dessa är snabbare på att lagra energi än ett batteri och därför passar bättre för de 
snabba accelerationer och retardationer som förekommer i industriprocesser.  
 
De genomförda testerna påverkades negativt av vissa begränsningar i hårdvaran men resultatet 
visar ändå att regenereringen kan återföra 10 % av energin till kondensatorerna, det motsvarar 
däremot inte den mängden som de tidigare uppsatta modellerna förutspådde. Orsakerna är olika 
förluster i systemet som inte modellerna tar hänsyn till. De viktigaste förlustfaktorerna beror på 
friktion och styrningen av elektroniken. Med en annan typ av motorstyrning kan förlusterna 
minskas och ett resultat mer likt det förväntade uppnås. 
 

Nyckelord: Mekatronik, Superkondensatorer, Regenerering, Energibesparing, Motorstyrning  
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1. Introduction  
The aim of this work is to analyze the possibilities with using regenerated energy stored in super 
capacitors in motor drive systems. This thesis is the consecutive work of Yasar Al Mosawi’s 
master thesis “Energy regeneration and super Capacitors in Mechatronic Systems” [1] from 
2005. This work aims to verify his theoretical results by building a test rig and perform 
evaluation experiments on it.  
 
The prior work aimed to set up a mathematical model and simulate a motor drive system 
enhanced by super capacitors as a rechargeable power source. This work is about the physical 
implementation of such a system and the actual efficiency improvement will be investigated.  
There are many mechatronic systems where an actuator drives an inertial load. These loads are 
accelerated and retarded repeatedly. A common way to retard the load is to let the motor work as 
a generator and lead the generated current through a resistor [2] as shown in Figure 1. This may 
seem as inefficient usage of energy. 
 

Electrical Kinetic Electrical Heat

 
Figure 1 Common way to retard load 

Energy  
 
One way to improve energy effectiveness is to transfer the electric energy back to the power grid 
for use somewhere else; or to store it locally in some way and then use it again for the next 
acceleration [3] as shown in Figure 2. 
 

Electrical Kinetic

 
 

Electrical ”Storage” Kinetic

 
Figure 2 Regenerative systems, feeds power grid e.g. train or subway (upper), local storage e.g. hybrid car (lower). 

 
Kinetic energy could for example be stored in an inertial flywheel or as a mass lifted in a force 
field, e.g. gravitational field [3]. This study does not investigate these possibilities. It will only 
consider the in-between storage of electrical energy where the regenerated electrical energy is 
stored in a super capacitor (see Figure 3). 
 

Electrical Electric 
potential Kinetic

Super capacitor  
Figure 3 Regenerative system with super capacitor 
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Introduction 
 

1.1. Objectives 
The objectives with this master thesis are to build a test rig and measure the actual efficiency 
improvement to a super capacitor enhanced motor drive system in comparison to a system 
without and verify Yasar al Mosawi’s simulated models. Improvements to the control algorithms 
should be made to optimize the efficiency. 
 

1.2. Background 
With rising energy prices, together with a more automated production, energy costs is an 
increasing part of an industry’s total costs. To keep production costs low and gain environmental 
benefits it is getting more and more important to reduce energy consumption in the production 
line. Two examples concerning automotive and food industry that gives an insight in the big 
potential of energy saving and the need for it are described in [4] and [5].  
 
In the automotive industry regenerative braking is an advancing technology as materials is 
developing rapidly, giving smaller, lighter and more cost effective solutions. If this progress is 
used, the technology can be transformed to the production industry and the costs associated with 
implementation of super capacitors can be kept low. 
 

1.3. System overview 
The built prototype, the test rig, consists of a motor with an attached flywheel to simulate the 
load, power electronics and a battery of super capacitors (hereafter referred to as capacitor 
battery). A digital signal processor (DSP) is used for control purpose. The system is connected to 
a 12 V DC source, see Figure 4
 

D-Space

Motor 
Control Motor

Flyw
heel

Super 
capacitor

Charge 
regulator

DSP

Encoder

12 VDC

H-bridge  
Figure 4 System overview 

 
Initially the capacitor is charged, meaning electric energy has been transferred into the system. 
Then the load is accelerated (t0-t1 in Figure 5) and electric energy transforms to kinetic. There-
after when the load is to be retarded, the switching mode of the H-bridge is changed so the motor 
will work as a generator (t2-t3). The generated current is lead back to the capacitor and stored 
there. The stored energy can be used for acceleration in the next drive cycle. In the ideal case, the 
generated energy will be equal to the energy needed for acceleration and the transformation 
between these energy types can keep going. However there will always be frictional and 
electrical losses thus some externally fed energy will be needed for each cycle. The electrical 
losses depend on switching frequency, current and velocity profile as well as materials. It is these 
parameters that can be varied for optimization. Equation 1 and 2 shows the basic relationship for 
energy conservation. 
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2

2VCEC =  

Equation 1 Energy stored in capacitor  

2

2ω
FwFw JE =  

Equation 2 Energy stored in flywheel 
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ω3
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V1

V3

V2

Acceleration Retardation

 
Figure 5 Principle of energy regeneration 
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2. Theory 

2.1. Regenerative braking in cars 
Regenerative braking is a technology often used in hybrid cars. Therefore these systems are 
studied in order to understand the technology for later appliance in the frame of this project. 
 
A hybrid drive vehicle has two or more energy sources. That opens up for possibilities to use 
each source in an optimized way and creating positive synergy effects [6]. The energy sources 
can be arranged both in series and parallel, giving different advantages and design possibilities. 
Series hybrids can use a combustion engine to charge a secondary electric source and the electric 
source is used for driving as in Figure 6. In this way the engine can always operate under 
optimal conditions and therefore emitting less toxic exhausts fumes. The designer can also place 
components more freely since there are no mechanical connections to the wheels. Parallel hybrid 
cars have parallel energy sources but the electric path from the wheels to the battery, via the 
motor/generator and control circuit, are the same [6]. See Figure 7. The electric motor in the 
systems can during braking regenerate kinetic energy and charge the secondary energy source.  
 

Generator

Battery

LoadPower
Electronics Motor

Combustion 
Engine

 
Figure 6 Serial hybrid drive 

 
Combustion 

Engine

Load

Gearbox

Motor
Power

ElectronicsBattery

 
Figure 7 Parallel hybrid drive 

 
A super capacitor enhanced system gives further advantages. The electric energy has to be stored 
in some way and batteries have as mentioned in section 2.2 a rather low power density making it 
hard or ineffective to do so. The combination of super capacitors and batteries can increase 
energy efficiency [3]. The capacitor can receive and deliver the high powers that are necessary. 
Energy from the battery can replace losses in the system and make sure the capacitors always are 
charged to the level required for next acceleration.  
 

2.2. Super capacitors 
In a simple aspect a capacitor acts like a battery. It stores electrical energy, but the principal for 
how the energy is stored is very different and the way the energy can be used differs even more. 
In a battery the contained energy is stored chemically. When charged and discharged, chemical 
reactions take place and there are physical limitations in how fast and how many times these 
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reactions can take place. On the other hand batteries can store much more energy than capacitors. 
A capacitor has a different physics and can store the energy much quicker. The time constant 
differs from hours for batteries to ms for capacitors. Simplified a conventional capacitor contains 
of two conductive plates (electrodes) and the capacitance depends on plate area (A) and the 
distance (d) between them according to Equation 3. The plates are separated by an electrolyte 
that allows ionic transport but prevent electric conduction. 
 

d
AC 0ε=  

Equation 3 Capacitance of conventional capacitor [1]

 
The constant ε0 is dielectric constant of the insulating medium between the plates.  
 
Super capacitors differs not in principal from ordinary capacitors but the have many times higher 
capacitance. This is achieved by making the electrode plates of a porous material and using a 
liquid electrolyte. In this way the specific plate area raises (to approximately 10·108 m2/m3) and 
distance between the electrode and electrolyte decreases to a minimum (aprox. 2Å) [7]. 
Capacitances up to several hundred farad [F] can be obtained in comparison with conventional 
capacitors witch usually have a capacitance cowering the span between 1nF up to 1F.  
 
Super capacitors are so called dual layer capacitors and they act like two conventional capacitors 
connected in series. In the connection between each electrode and the electrolyte an electro-
chemical dual layer is formed. This itself acts like a capacitor as shown in Figure 8. Therefore all 
super capacitors technically are two serial capacitors.  
 

 
Figure 8 Electric dual layer [8]

 
There are three main types of electrolytes; solid, organic and water based. Only the two later 
types are used in super capacitors. Water based electrolytes have a maximum voltage of 1.23V 
because of waters dislocation voltage (when it will separate into hydrogen and oxygen) and 
organic electrolytes can have a maximum cell voltage up to 3V. If a cell is exposed to over 
voltage irreversible chemical reactions will cause permanent damage to the cell, resulting in 
decreased storage capability. To achieve higher capacitor voltage several cells can be connected 
in series. 
 
When capacitors are connected in series it is important for the efficiency that the cells have equal 
capacitances. If C1 and C2 are equal and the number of capacitors n=2, the special case of 
Equation 4 yields that the total capacitance will be C/2. Any non equal values of C1 and C2 will 
cause an unbalancing where the total capacitance will be lower than the optimum C/2. This 
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applies of course both when several cells are connected in series and to the internal dual layer 
capacitances. Therefore it is also important that the two electrodes are formed and shaped equal. 
 

∑
=

=
n

i itotal CC 1

11  

Equation 4 Total capacitance for capacitors in series  

 
Two ways to measure and compare different energy storage units are energy density [J/kg] and 
power density [W/kg]. These parameters make it possible to calculate the mass of an energy 
source needed for a certain application and to compare different alternatives. A classic lead acid 
battery can store a lot of energy but not deliver very much power in compared to a super 
capacitor; it has high energy density but a low power density. This means that it is capable of 
storing much energy but can only release it during a relatively long time period. To be able to 
deliver enough power to a certain application you will need a heavy battery. An ordinary 
capacitor has in opposite, very high power density but a low energy density. Super capacitors fill 
the gap between these storage units and can deliver both power and store energy. When it 
concerns the maximum performance in energy density or power density, a battery respectively a 
capacitor is the best alternative. They can not be replaced by super capacitors only 
complemented. Table 1 shows characteristics for these energy storage devices. It is also worth 
noting that a lead acid battery has high energy density in comparison to other battery types. 

 
 Unit Lead acid 

battery Capacitor Super  
capacitor 

Energy density kJ/kg 100-360 0.360 30 
Power density W/kg 100-200 106 10 000 
Charge cycles 1010 1061 1 000 

Years 5 30 30 Life expectancy 
Efficiency % 70-85 >95 85-98 

Table 1 Characteristics of different energy storage devices [7], [8]

 
Ordinary capacitors are used widely in all kind of signal applications. They are also used as 
filters or boosters in power equipment but for energy storage they can not meet the requirements. 
If the application has high power consumption a super capacitor is suitable. Such applications 
could be the starter motor of an engine or, as will be further studded in this thesis, as a secondary 
source in a regenerative system, probably complemented with batteries as in Figure 9. 
 

 
 Figure 9 Super capacitor enhanced regenerative system 

 
The combination of batteries and super capacitors can yield much lighter systems. As an 
example a starter motor system could have a 94% weight reduction when its size is optimized to 
deliver both power and energy. During each start the capacitor will be discharged and thereafter 
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recharged by the battery. Table 2 shows an example where a motor of 5 kW performs one start 
requiring 10 kJ of energy. To be able to perform say 10 starts before battery charge; at least 1 kg 
lead-acid battery is required to provide the energy and a complementary mass to provide 
sufficient power. 
 

Lead-acid battery Modern super cap. State of art  
super cap 

 
Required 

Per kg Kg needed Per kg Kg needed Per kg Kg needed 
Energy 10 kJ 100 0.1 10 1 40 0.25 

5 kW 0.2 0.5 10 Power 25 10 0.5 
   Optimized weight: 25 kg 11 kg 1.5 kg 

Table 2 Weight optimized starter motor system [8]

 
The above example does not consider the needed volume. The lead-acid battery is much denser 
than the capacitor and will yield a more compact solution. 
 

2.3. Motor control electronics 
DC-motors are normally controlled with a pulse width modulated (PWM) signal with a high 
frequency (>20 kHz). The maximum frequency is determined by the controller but should be 
chosen above 16 kHz to avoid a hearable noise. The signal’s mean value is proportional to output 
voltage and is set by changing the duty cycle. Depending on how the motor is to be controlled 
more or less advanced controllers can be chosen. For cost effectiveness a more advanced 
solution than necessary should be never chosen [9]. In this project four quadrant drive is 
required and an H-bridge which gives the possibility to control all four switches independently 
will be used. A four quadrant driver is able to both accelerate and generate in both negative and 
positive direction 
  
To change the direction of the motor the polarity has to be reverted as shown in Figure 10. The 
switches are named high side (HS) switches and low side (LS) switches. One HS-switch and the 
opposite LS-switch constitute a switch pair and are closed at the same time, deciding the 
direction of the motor during acceleration. The two switches on the same side of the motor may 
never be closed simultaneously. The diodes parallel to each switch are free wheeling diodes and 
are necessary to protect the switches and avoid arcing when driving inductive loads. 
 

 
Figure 10 Motor during acceleration [1]
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When only switching one pair at the time (unipolar switching) and the other pair is left open the 
speed is set by the duty cycle 0-100%. The directional change is made by alternating the switch 
pair. The switch pairs can also be alternated simultaneously yielding a bipolar pattern where 50% 
duty cycle corresponds to stationary and 0 respectively 100% duty cycle corresponds to 
maximum speed in the opposite directions. This mode has a better linearity than the unipolar 
mode but is also more complex. Due to the delay in the switches there will be a short time (0.7µs 
for TTL logic) where all switches are closed and the energy source short circuited. This must be 
prevented with a delay in the control signal; witch is further described in section 3.3.  
  
In order to retard, switching mode is changed. Both HS (or LS) switches are closed and the 
motor is short circuited. The motor’s EMF will generate a current. The only resistance in the 
circuit is the motors internal resistance and therefore the current will grow and result maximum 
breaking force (Figure 11a). To obtain a weaker breaking force the HS switches are switched 
with the PWM signal. A current can not change instantaneously thus when the switch is open as 
in Figure 11b the current has no other possibility than continue through diodes against a higher 
potential towards the dc-voltage source [9]. This phenomenon is used to charge a secondary 
energy source in hybrid drives and it is called regenerative breaking.  
 

 
Figure 11 Current during retarding (a) short circuited, (b) regenerating [1]
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The different switching modes are named after the domain they operate in when torque (T) and 
angular velocity (ω) is plotted against each other as in Figure 12. The transferred power (P) is 
described by Equation 5. 
 

TP ⋅= ω  
Equation 5 Power transfer for electric motor 

The following is valid for an ideal system when driving an inertial load. 
 

• First quadrant corresponds to acceleration in the forward direction. Electric energy is 
being consumed by the motor. Speed and torque are positive. 

• Second quadrant drive, means retarding in forward direction. The motor works as a 
generator and can charge a battery. Speed is positive and torque is negative. 

• In Third quadrant the load is accelerated in the backward direction. The battery is 
being discharged. Speed and torque are negative. 

• Forth quadrant drive makes the load retard from backward direction and generate 
power to the batteries. Speed is negative and torque is positive. 

 

 
Figure 12 Four quadrant drive [9]. Power as function of speed and torque 

T

ω

ω>0
T>0
P>0

ω>0
T<0
P<0

ω<0
T<0
P>0

ω<0
T>0
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Quadrant 2 
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3. Electrical design 
The test rig consists of several different subsystems. Here follows a description about the electric 
design and function for each subsystem refereeing to Figure 4  
 

3.1. Charge regulator 
To control the incoming energy to the system some kind of switch is needed. The switch is used 
to turn the external power on and off in order to keep the capacitor voltage at an appropriate 
level. The capacitor voltage is measured by the DSP over the voltage divider (R1+R2) shown in 
Figure 13 via an AD-converter. A hystreses block is implemented in the control algorithm and 
the charge regulator is switched on and off using the circuits’ terminal input. The maximum 
voltage is set to approximately 11.5 V (for calculations see Appendix B) to ensure that all energy 
from the flywheel can be transferred to the capacitors. The switch is a TOPFET high side switch 
from Philips named BUK202-50X. 
 

 
Figure 13 Charge regulator and connected sub systems 

 

3.2. Super capacitor 
The nominal voltage in this system is 12 V. The chosen capacitors for this project are: ELNA 
DynaCap DZ 2.5V 100F. Its parallel resistance was investigated, for results see Appendix A. 
Each capacitor has a maximum rating of 2.5 volts witch yields in a solution with five capacitors 
connected in series. Externally this capacitor battery can be treated as one capacitor with the 
ratings Vmax=12.5V and Ctotal=20F (see Equation 4). The manufacturer of the super capacitor, 
states they are not to be connected in series [10]. During fast and repeatedly charging-
discharging cycles the energy in the capacitor battery can become unbalanced and the charging 
can exceed 2.5 V in one capacitor even if the total voltage in whole battery is below 12.5 volts. 
This will not only have negative influence on the efficiency as mentioned in section 2.2; it will 
also cause permanent damage to the cell. To prevent over charging a voltage control system had 
to be developed and placed parallel to each capacitor. There are two basic forms of voltage 
control - active and passive control. The passive control works without any influence from the 
outside and the active control is affected from a terminal input. 

 

 
Figure 14 Super capacitor battery 
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3.2.1. Passive voltage control 

 

 12

Figure 15 Passive voltage 
control 

The objective is to detect when the capacitor becomes fully charged 
and when it is, simply relay all incoming energy to the next capacitor. 
A simple way to achieve this is to put a zener diode parallel the 
capacitor (Figure 15a) but because nothing limits the current, it will 
soon rise above maximum rating. The zener diode will break and leave 
the circuit unprotected. (a) 
 
Resistor and zener diode parallel to capacitor was another suggested 
solution. The voltage drop over R1 (Figure 15b) depends on the bypass 
current (Ibyp) and therefore will the zener voltage not be able to set 
only using passive components. The efficiency is also affected 
negatively by the resistor. The energy is transformed into heat instead 
of being relayed. 
 (b) 
A coil and zener diode parallel to capacitor will combine the 
advantages from the solutions mentioned above. The zener diode 
opens at a constant voltage but the current will increase slowly and 
letting the capacitor discharge before the current breaks the diode. The 
ratings of the components have to be carefully selected to handle the 
rapidly changing currents. The circuit has to be able to relay the 
energy quick enough but without burning the diode. The working 
conditions are very changing and therefore will a solution like this fail 
on reliability reasons and an active control is suggested. (Figure 15c) (c

3.2.2. Active voltage control 
 

 
Figure 16 Active voltage control [11]

An active control circuit will consume energy. The losses 
will however be relatively small and reliability is greater 
than with passive control (further described in Appendix 
B). Therefore an active solution is used in the rig. 
 
A differential amplifier (MAX965) compares the 
capacitor voltage via a voltage divider (R1 and R2) with 
an internal reference voltage (Vref). The resistances are 
selected to R1=37.7kΩ respectively R2=39kΩ to keep the 
parallel losses low. That yields that when VC exceeds 
2.43V the amplifier gives a desired output signal to a 
transistor (S1). With S1 closed the current will be lead 
though Rbyp into the next capacitor. In the first version a 
power transistor (MEJ3055T) where used but the 
amplifiers output current was not able to pull it low and 

therefore the transistor was replaced by a darlington signal transistor (BC618). Currents above 
10A can occur in the system but not during charging near 12 V so therefore the transistor’s 
maximum rating of 500mA is considered to be enough, which also have been verified during 
testing. As a current limiter a resistor Rbyp = 2Ω is used.  
If unbalancing occurs the system will compensate for it by it self. The current will go past the 
capacitor to balance the power in the capacitor battery. It could be of interest to show when such 

) 
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unbalancing occurs e.g. to optimize charging or error detection. Therefore is an over voltage 
detection system placed parallel to the voltage controller. When over voltage occurs it will send 
a signal that can be detected by the DSP. There the signal can for example raise a warning flag or 
switch off the charging. Because the internal GND level differs by each capacitor any external 
connection must be galvanic insulated. The connection is made with an opto insulator PC817. 
The function was never implemented due to lack of time but hardware design is prepared for 
easy future appliance. In Figure 17 the electric schematics for the over voltage control and 
detection system is shown. 
 

 
Figure 17 Over voltage protection and detection system. 

 
The Maxim comparator is a surface mounted SO8 capsule and it was soldered on an adapter card 
and fitted in the DIL8 socket on the board. An empty capacitor will yield high currents, therefore 
was the circuit board wiring reinforced. 

3.3. Motor Control 
For the motor drive system an H-bridge from Infineon (BTS7710G) was used. It was chosen for 
its inbuilt short circuit protection, over temperature shut down and low internal resistance. 
 

3.3.1. Transistors 
In the early development stages a series of tests were preformed to manually build the H-bridge 
with four separate transistors. Both configurations with four NPN-transistors and configurations 
with NPN’s for HS switches and PNP’s for LS switches were tested. The tests failed due to 
timing problems. Several different ways were tried to achieve the necessary delay between the 
opening of the HS and closure of the LS on each side. The delay is needed because each 
transistor has a rise time of 0.7µs and simultaneous open and closure of transistors on the same 
side will yield at shot circuit causing overheating.  
 
The problem originates in the fact that the hardware/software versions of the DSP do not support 
the creation of different delays in the output PWM-signal. If it did all signal treatment could have 
been done in the software. Therefore complementary hardware had to be developed to solve the 
issue. 
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Electrical design 
 

The same phenomenon that raises the problem can also be the solution. By letting the different 
signals pass a different numbers of transistors the delay in the H-bridge would be compensated. 
A grid of NAND (7400) and NOT (7404) gates were built and experiments were preformed, 
according to Figure 18. The outcome was non stable and another solution is suggested. A latch 
was also evaluated but the conclusion is that an on chip H-bridge should be used. 
 

PWM

Enable

HS1
HS2
LS1

LS2

 
Figure 18 Suggested grid for signal delay 

 
3.3.2. H-bridge 

The BTS7710G is a Quad D-MOS switch driver witch is optimized for dc-motor drive. All four 
switches can be set independently and it has both thermal and overload protection. It has inbuilt 
power clamp diodes witch can be used for freewheeling. It comes in a neat P-DSO-28 surface 
mounted capsule and with the maximum ratings of 50 kHz and 15A. One issue has been noticed; 
the small size makes it hard to disperse heat .During fast accelerations overheating occur but 
improvements were made by mounting a heat sink. In order to further decrease heat emission 
limitations in acceleration rate was taken. 

3.4. Encoder 
An optical, two channel, incremental encoder named HEDM5550 was available and well suited 
for the purpose of speed control. The two channel output named A and B are phase shifted 90 
degrees and at high state at 50% (180 electrical degrees). The resolution is 1024 steps/revolution 
but by also using an inverter to cerate the inverted signal A  and B the resolution can be doubled. 
After the implementation it was discovered that the signal output signal was too weak to drive 
the import on the DSP. The inverter then functioned as a driver for the signal and the DSP was 
only given the inverted signal thus the resolution will be 1024 pulses per revolution. It was 
considered not necessary to rebuild the driver circuit 
 

 
Figure 19 Encoder output signal
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4. Mechanical design 
The following sections describes the mechanical design of the subsystems in Figure 4

4.1. Rig 
The test rig was built by modifying a rig used in a real time control course (RIP). The old rig was 
used because it was time saving and economic way to get the material and some basic 
geometrics could be maintained. An external demand on the construction was that the design 
should be possible to revert into a RIP-rig again. The rig is shown in Figure 20. Several different 
motors were considered in these early development stages. Therefore it would be preferable to 
make a motor mounting plate that could fit all of them for two reasons.  
 

1. Interchangeability 
2. Redundancy  

 
If one motor later show it does not meet its requirements or it would break for some reason, it 
can quick and easy be replaced by another. The motor mounting plate supports motors with 
maximum diameter of 40 mm and with central outgoing axis and mounting holes (3xM3 120° 
r=9.5) and (3x M2.5 120° r=9.5). The parts had to be manufactured with precision. An off center 
axis will introduce disturbance and any disturbance can cause instability witch with the big 
inertia in the flywheel can endanger personal safety. The motor mounting plate height was 
adjusted with shims when mounted. An Oldham clutch (Figure 21) was bought and mounted on 
the axis. It can connect axis of different diameters and handle small deviations in eccentricity.  
 

 
Figure 20 The test rig 

 

 
Figure 21 Oldham clutch 
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Mechanical design 
 

4.2. Fly-wheel 
The design of the flywheel is a simple optimization problem. Outer diameter is a limiting 
boundary and the inertia should be maximized and mass minimized. The energy in the flywheel 
should correspond to the energy drop in the capacitors. The relation between speed and voltage 
has also to be considered. The criteria’s are described by Equation 6-8. 
 

2

2ωJE =  

Equation 6 Energy in flywheel 

Vkm ⋅=ω  

Equation 7 Velocity of flywheel 

∫= drrhJ 32πρ  

Equation 8 Inertia  

 
To meet the mass inertia requirement the wheels mass should be concentrated in the outer edge 
and therefore is the wheel divided in three different parts. There are a hub (1), middle part (2) 
and outer wheel (3), see drawings in Appendix E. The radius of part two, r2, was varied in 
MatLab and the optimal shape was selected. Dimensions and program code is to bee seen in 
Appendix B
 
The flywheel is mounted on the axis with a mounting bolt. Only using one bolt places the 
flywheel slightly of center and it becomes unbalanced. This was prevented by small shims on the 
axis. Further balancing was not considered necessary. 

4.3. Choice of motor 
A 40mm motor from Maxon (148877) was used during the experiments. Another 35mm motor 
served as a backup and was only used in the preliminary studies. It has a nominal power 150W at 
48V. No load speed is 126rps (revolutions per second) which at 12V should be 31.5rps. The 
measured maximum speed was 29rps. The difference makes it possible to estimate frictional 
losses. 

4.4. Capacitor battery 
A simple rack to mount the capacitors on were cut out of a wooden piece in order to simplify 
handling and avoiding risk if short circuit. Each voltage controller was attached next to its 
capacitor and they were connected in series. Figure 22 gives a detailed view of the capacitor 
battery. At the end of the plate the charge regulator and a socket was placed. 
 

 
Figure 22 Capacitor battery
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5. Software design 
d-Space is a developer for real time applications. Their DSP DS1102 and the software Control 
Desk were used together with MatLab/Simulink with RTI toolbox to implement an algorithm to 
control the system. It is a P-regulator and it follows a predefined trapezoid speed curve very 
similar to Figure 5. A negative error will put the H-bridge in regeneration mode and a positive in 
acceleration mode. The P-constants can be set individually, in real time, for the two driver 
modes. An error less than +/-1 will put the H-bridge into freewheeling mode in order to reduce 
fast fluctuations near the set speed. The software output is two digital signals connected to LS 
switches and two PWM signals connected to HS switches. The Simulink model is shown in 
Appendix C. 
 
Version numbers of the different hard and software needs to be taken into consideration due to 
compatibility reasons. The following versions were used during the tests 
 

· MATLAB 6.1 (R12.1) 
· Simulink 4.1 
· RTI 4.3  
· ControlDesk 2.2.5.47 
· d-Space DS1102 DSP controller board 

 
Other compatible combinations can be seen at [12].  

 
In controldesk a GUI were created and the different parameters in the Simulink model were 
connected to different buttons, sliders and gauges. The GUI and its function is shown in 
Appendix C
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6. Conclusion and discussion 
A test rig has been built and a series of tests were preformed on it. The outcome shows that 
regeneration is possible but the good results from al Mosawi’s models could not be achieved.  
About 10% of the braked mechanical energy was re-stored in the capacitors. 
 
The tests are described in detail in Appendix A and the results presented below in Table 3. The 
load was retarded from its initial maximum speed ω2 to ω3 and capacitor voltage increased from 
V2 to V3, as in Figure 5. Equation 2 gives the released mechanical energy (EFw) and Equation 1 
the regenerated electrical energy (EC) that is stored in the capacitor. The result is shown as 
regenerated energy in percent of released mechanical energy. 
  

Test ω2 ω3 V2 V3 ΔV Regenerated
EC

Released 
EFw

% 

1 163 17 11.45 11.53 +0.08 18,38 132,0 14% 
2 163 23 11.53 11.58 +0.05 11,55 135,9 9% 
3 163 15 11.55 11.59 +0.04 9,26 132,2 7% 
4 145 20 11.60 11.63 +0.03 6,97 102,4 7% 
5 157 23 11.55 11.60 +0.05 11,58 120,7 10% 

Table 3 Regenerated energy 

The tests indicate there is higher efficiency in regeneration from lower voltages witch is also 
suggested in [6]. The currents during breaking are <-0.2A and resistive losses is proportional to 
RI2 so electrical losses are lower than in the model. Al Mosawi’s models only consider resistive 
losses in the motor. 
 
The two systems are not exactly equivalent but al Mosawi [1] suggests a test with parameters 
used here would regenerate more than 60% of the energy, according to Figure 23. The difference 
depends on mechanical and electrical losses. The mechanical losses can be minimized with 
better bearings and lubricants and higher precision in manufacturing, all in relation to 
manufacturing costs. The electrical losses can partly be affected by using more expensive 
materials and manufacturing techniques. For example gold plated connectors and components 
with low internal resistance can be used but a more effective way to decrease the losses can be 
made by changes in the controller.  
 
There have been problems with the drive circuit during the tests. The H-bridge is under 
dimensioned and gets over heated. This may be the reason for the low efficiency and the ripple 
in the measured signals. By implementing bipolar switching and a current controller there is 
room for large efficiency improvement to the system. This has not been implemented due to the 
limitation (mentioned in section 3.3.1) that precludes the desired switching technique. The use of 
different DSP would solve that problem. 
 
The regenerative braking is an interesting technology with great potential and this thesis has only 
considered the technical aspects. An economical study which considers costs of implementation 
and how high the energy price has to rise to make this a profitable investment should 
complement this work. 
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Conclusion and discussion 
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Figure 23 Expected result from [1], marked with circle 
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Appendix 
 

Appendix A.  
Experiments 

The experiments were performed on the test rig. Capacitors were initially charged. The flywheel 
was accelerated with a duty cycle increasing from 0 to 100% and later retarded with a duty cycle 
varying 20-80%. Capacitor voltage, rotational velocity and charger state was logged in d-Space. 
The current from the drive circuit to the capacitor was measured in Fluke View. The test data 
from both programs were exported to MatLab. The programs have different trigger functions so 
the data logging has different initiation times. Therefore the data had to be mapped against each 
other in Matlab. The outcomes of the five experiments are presented in Figure 25to Figure 29. 
 
Capacitors 
The parallel resistance in the capacitors was investigated. The five capacitors were initially 
charged and then only discharged by the internal parallel resistance during 15 hours. The result is 
plotted in Figure 24. To this the leak current of the voltage controller has to be added with is 
calculated in Appendix B. The present acceleration- retardation cycle is to last for about 1 
minute and the parallel resistance will not affect the result in this case. However it may be 
needed to take it under consideration in another application.  

 
Figure 24 Self discharge of capacitors 
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Figure 25 Results from experiment 1. Top: Velocity, voltage and current during the whole test. Middle: Voltage 

over capacitor during braking. Bottom: The current from driver circuit to capacitor battery during braking 
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Figure 26 Results from experiment 2. Top: Velocity, voltage and current during the whole test. Middle: Voltage 

over capacitor during braking. Bottom: The current from driver circuit to capacitor battery during braking 
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Figure 27 Results from experiment 3. Top: Velocity, voltage and current during the whole test. Middle: Voltage 

over capacitor during braking. Bottom: The current from driver circuit to capacitor battery during braking 
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Figure 28 Results from experiment 4. Top: Velocity, voltage and current during the whole test. Middle: Voltage 

over capacitor during braking. Bottom: The current from driver circuit to capacitor battery during braking 
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Figure 29 Results from experiment 5. Top: Velocity, voltage and current during the whole test. Middle: Voltage 

over capacitor during braking. Bottom: The current from driver circuit to capacitor battery during braking 
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Appendix 
 

Appendix B.  
Calculations 

The following MatLab file was used to find the flywheel’s optimum radius r2. 
 
%Flywheel 

rho=7880.9; %kg/m^3 
w=26*2*pi; %rad/s 
r1=0.010; %m 
r2=[0.050:0.001:0.079]; 
r3=0.158/2; 
h1=0.010; %m 
h2=0.005; 
h3=0.040; 
J=(pi*rho/2)*((h1*r1^4)+(h2.*(r2.^4-r1.^4))+(h3.*(r3.^4-r2.^4))); 
Erot=J*w^2; %Rotational energy 

%Capacitors 
n=5; 
C=100; 
U1=11.8; % 
U2=11.2; 
Ctot=1/(1/(C)*n); 
Ec=Ctot*U1^2/2; %Stored energy in fully loader Capacitor 
delE=Ctot/2*(U1^2-U2^2) %Released energy between U1 and U2 

%mass 
V=h1*pi*r1^2+h2*pi*(r2.^2-r1^2)+h3*pi*(r3^2-r2.^2); 
m=V*rho; 

%optimization 
opt=Erot./m; 
R2opt=r2(find(opt>(max(opt)-0.001))) 
Mopt=m(find(opt>(max(opt)-0.001))) 
Vopt=V(find(opt>(max(opt)-0.001))) 
Jopt=(pi*rho/2)*((h1*r1^4)+(h2*(R2opt^4-r1^4))+(h3*(r3^4-R2opt^4))); 
Eopt=Jopt*w^2 
 

The optimum radius r2 is 68mm which given by the maximum value of the graph in Figure 30 
and the properties for that system can be read in Figure 31. The Maximum motor power is 
37.5W and the released energy for a voltage drop in the capacitors of 0.5V is 138J. The flywheel 
will have inertia of 0.010 kgm2 and a rotational energy of 268J at maximum speed. The mass for 
the optimized flywheel will be 2.19kg. 
 

 
 Figure 30 Optimization function, energy/kg vs. radius Figure 31 System energy @ 163 rad/s or 26rps 
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The regenerated energy from the flywheel will cause a voltage increase in the capacitors 
according to Equation 9 (derived from Equation 1 and Equation 2) for the ideal system. Indexes 
are referring to Figure 5. 
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Equation 9 Voltage increase during regenerative braking 

100% efficiency would yield a voltage increase of 0.57V and all regenerated energy can be 
stored in the capacitor without exceeding maximum capacitor voltage. 
 
Voltage control 
The energy consumption for the non active voltage control is calculated below. The total 
dispersed power is the sum of the power developed in the voltage divider and in the amplifier. 
The losses in the voltage control system are disregarded.  
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Charge regulator 
The charge regulator also has a parallel resistance than constantly will discharge the capacitors. 
Its dispersed power is: 
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Appendix .  
Software screenshots 

 C

Figure 32 shows the user interface in D-space and is linked to the different control signals or 
element properties in the Simulink model shown in Figure 33. 
 

 
Figure 32 User interface 

 
1. Turns the LS switches on or off and warns the user if H-bridge is overheated. 
2. Charge regulator. Turns charger on/off or into auto where it is controlled by the hyeresis 

values. Capacitor voltage is measured over a voltage divider and the prescaler lets the 
actual voltage to be shown.  

3. Proportional constant and two different gains for it depending on switch mode. 
4. Displays the current switch mode. 
5. Indicates the current activated switches. 
6. Speed, set and actual values. Error and encoder tics. 
7. Logged data. From above at y axis: Capacitor voltage, actual speed, set speed, charger 

state. 
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Figure 33 Simulink model 
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Appendix . 
Data Connections 

 D  

D-space’s hardware interface is a 62-pin HD D-sub. Pins are named according to [13] and made 
accessible trough a junction box (Figure 34). The junction box connects to the rig according to 
Table 4.  
 

 D-Space connections   
  Port I/O Color Signal 
      Cable Connector   
Analog ADC3 I Blue Red Cap voltage 
            
Digital IOP0 O Green Red Charge reg 
  IOP1 I Green Green Temp Warning 
  IOP3 O Yellow Black LS2 
  IOP5 O Blue Black LS1 
  PHI2 - GND  Encoder 
  /PHI2 I Green Blue Encoder 
  PHI92 - GND  Encoder 
  /PHI92 I Yellow Blue Encoder 
  CMP2 O Blue Blue HS1 
  CMP3 O Yellow Yellow HS2 
  DGND - Black Black GND 
  VSUP - Red Red Vcc 

Table 4 Connected pins 

 

 
Figure 34 Junction box 
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Appendix E. 
Drawings 
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Figure 35 Drawing of flywheel 
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Appendix 
 

Appendix F.  
Nomenclature and abbreviations 

 
DSP Digital signal processor  
DC Direct current  
PWM Pulse width modulated signal  
LS Low side  
HS High side  
EMF Electro motoric force  
GUI Graphical user interface  
rps revolutions per second  

Table 5 List of abbreviations 

 
Ec Electrical energy in capacitor J 
C Capacitance F 
VC Voltage over capacitor battery V 
Vci Voltage over single cell #i V 
Vmax Maximum rating for capacitor battery V 
EFw Inertial energy in flywheel J 
JFw Inertia of flywheel kgm2

ω Rotational velocity (time indexed) rad/s 
ε0 Dielectric constant F/m 
Ci Capacitance of capacitor #i in a serie F 
Ctotal Total capacitance of serial capacitance F 
IC Current from capacitor A 
T Torqe Nm 
P Power W 
R Resistance Ω 
k Motor constant A/J m
ρ Density kg/m3

Table 6 List of nomenclature 
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