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control system, the 12 V low voltage system was completely redone based on the old sys-
tem, in order to ensure its functionality and that it met all the requirements set for it. This 
thesis was assigned by e-Drive Retro OÜ, an Estonian based startup company. 
 
During this thesis research was carried out on the engineering, technology and control sys-
tem behind the Electric RaceAbout – vehicle owned by Helsinki Metropolia University of 
Applied Sciences and two converted Fiat Doblo – electric vehicles owned by Metropolia. 
Different source codes were also studied and accessed either openly through the internet 
or through Metropolia’s electric vehicle projects. 
 
The actual electric conversion was carried out using ready-made equipment and devices. 
The electric powertrain components were acquired from Swiss BRUSA Elektronik. BRUSA 
also provided a template source code for the main control unit that was freely modifiable. 
The battery and battery management system is made by South-Korean Kokam. There is 
also a control unit made by Danish LiTHIUM BALANCE that provides CHAdeMO-fast charg-
ing capability for the vehicle. 
 
The thesis begins with a brief introduction to the history of e-Drive Retro and their motivation 
for assigning this thesis. The thesis also presents some of the history of the original vehicle, 
its electric system and technical specifications that are then compared to the converted ve-
hicle. Ideas for improvement and challenges are also discussed. 
 
The final result of this thesis was a finished control system and all the confidential documen-
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1 Introduction 

The objective of this thesis was to design and realize a modern vehicle control system in 

a converted 1970’s vintage electric car. The focus was that the system would be modular, 

universal and highly customizable, and that the overall visual appearance and charac-

teristics of the vehicle had minimal alterations compared to the original. 

This also meant utilizing and repurposing the original dash instruments and controls of 

the vehicle. 

2 Company Overview 

2.1 History 

E-Drive Retro OÜ is an Estonian based startup company founded in 2015 by Michael M. 

Richardson. Though a young company, the idea behind it had been brewing for many 

years, and it was a unison of technological advancements, technological maturity and 

stumbling upon the projects at Helsinki Metropolia University of Applied Sciences 

(HMUAS) that helped Michael make a decision to start the company and collaborate with 

HMUAS to realize the first electric conversion of the company. 

2.2 Business Idea and Vision 

The vision of the company is to revitalize vintage cars of the 1950’s through the 1970’s 

with sustainable electric-vehicle technology while preserving the nostalgic driving expe-

rience and appearance for car enthusiasts [1]. The idea is to accomplish the conversion 

in a way that one couldn't tell the difference between the original vehicle and the con-

verted vehicle with the hood and panels closed. 
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3 Vehicle Introduction 

3.1 1972 Triumph GT6 MK3 

The vehicle that was converted and worked on during this thesis was a 1972 Triumph 

GT6 Mk3 that the customer (Michael Richardson) had first bought from the United States 

and then shipped to Finland through Estonia. The vehicle was brought to the workshop 

facility of HMUAS in Hernesaari, Helsinki. One of the reasons this vehicle was chosen 

was that its so-called sister model, the Triumph Spitfire, was very popular between the 

60’s and 70’s. While the GT6 was not produced in the same numbers, it is still a rather 

iconic car of that era and shares a lot of mechanical similarities with the Triumph Spitfire, 

which means that a similar conversion with the same equipment could be carried out 

with small effort. Not having to worry about interfacing with an existing Engine/Electric 

Control Unit (ECU) or other onboard systems meant that system design and overhaul 

were easier. 

 

Figure 1. The Triumph GT6 Mk3 in its original state, before being converted [2] 

As seen in Figure 1, the car was already in a good state so only minor rust repairs needed 

to be done. 
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3.1.1 Original Technical Specifications 

The original GT6 that was converted had an inline 6-cylinder 2.0-liter engine with twin 

carburetors and a four-speed all-synchromesh manual transmission that produced a 

maximum power of 98 bhp at 5,300 rpm and a maximum torque of 147 Nm at 3,000 rpm. 

It had a 44-liter fuel tank and an overall consumption of 10.2 liters/100km, a calculated 

range of 390-431 kilometers and a top speed of 180 km/h, and was able to accelerate 

from 0 to 100 km/h in 10.1 seconds. The car was rear-wheel-driven and had a hypoid 

bevel rear differential with a ratio of 3.27-to-1. Its total curb weight was 918 kilograms 

and its laden weight was 1,123 kilograms and its weight distribution was 54.6% in the 

front and 44.4% in the back [3, p. 122-123]. The car cost GBP 1,254.38 [3, p.123] when 

new, which is approximately GBP 15,850 [4] or 19,989€ [5] in today’s currency. 

3.1.2 Original Electrical System 

As can be seen from Figure 2, the original electrical system was very simple and only 

relied on three main glass fuses with two separate relays for hazards and indicators. 

 

Figure 2. Original wiring diagram of the Triumph GT6 Mk3 [6] 
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Since the vehicle would still need its regular 12V system to supply power to the main 

ECU, or rather Vehicle Control Unit (VCU) as it is normally called in an electric vehicle, 

and all the lights and radio et cetera, it was decided that the electrical system would be 

completely redone. 

3.1.3 Converted Technical Specifications 

The original engine and gearbox were replaced with an electric motor and a reduction 

gear. The old propeller shaft and rear differential were kept intact, but the drive shafts 

connecting the wheels to the differential unit were replaced with custom drive shafts to 

handle the additional and constant torque generated by the electric motor. The ratio of 

the reduction gear was 1.98-to-1 and the rear differential was 3.27-to-1 so the final fixed 

ratio was 6.48-to-1 meaning that for one rotation of the wheels, the rotor of the motor 

needed to rotate 6.48 times. The brakes and chassis were kept mostly original apart for 

an additional reinforced section added to the rear of the chassis, to support the added 

weight of the rear battery pack that was placed in the trunk. The front shock absorbers 

and springs were replaced with fully adjustable coil overs so ride-height as well as stiff-

ness could be adjusted. The rear leaf spring was kept original, but the rear shock ab-

sorbers were replaced with pneumatic absorbers that had ride-height adjustment through 

air pressure. As can be seen in Figure 3, the conversion was carried out with respect to 

the original bodywork. With the hood and panels closed the vehicle remains indistin-

guishable from the original GT6.  
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Figure 3. The Triumph GT6 Mk3 now converted to electric [2]. 

Furthermore, the charging connectors were also cleverly hidden as shown in Figure 4: 

the slow charging connector was installed under the old fuel cap and the fast charging 

connector behind the rear license plate with a hinge installed in it as well. 
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Figure 4. The top left image shows the slow charging connector, which is a Type 2-connector 
and the top right image shows the Type 2 –plug connected. The image below shows 
the revealed CHAdeMO-type fast charging connector [2]. 

The main goal was to try and match the performance specifications of the original car, 

so that major modifications to the chassis or upgrading of the brakes would not need to 

be made. The electric motor chosen was a hybrid synchronous alternating current (AC) 

motor (HSM) HSM1-6.17.12 made by BRUSA, capable of producing 70 kW of continuous 

power with a 96 kW maximum power output and a continuous torque of 130 Nm and a 

maximum torque of 220 Nm when coupled with the digital motor controller (DMC) DMC 

524 [7]. After 4,000 RPM the motor delivers continuous power as can be seen in Figure 

5. The HSM1-6.17.12 is a permanent magnet assisted reluctance motor (PMARM) that 

brings together the advantages of a permanent magnet synchronous motor (PMSM) and 

a synchronous reluctance motor (SynRM). The advantages of permanent magnet (PM) 

motors are high performance at nominal speed, high efficiency, compact size and con-

trolling them is relatively simple. The disadvantage is that permanent magnets are rare 

and expensive. Also, above nominal speed a demagnetizing current needs to be fed to 

the motor to combat the resisting electromagnetic field (i.e. back EMF), which grows 

proportional to the motor rotational speed. This means the torque output of the motor is 

reduced. A reluctance motor does not include permanent magnet material on its rotor, 

making it cheaper to manufacture. This also means there is no demagnetization risk. 

Reluctance motors are also relatively simple to hybridize, meaning adding permanent 
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magnets in order to combine the best features of both motors. Since the rotor of a reluc-

tance motor does not contain winding, the rotor does not heat in use, which makes the 

motor easier to cool [11, 12 p. 37-61]. 

 

Figure 5. Performance curve showing how after 4,000 RPM the motor, coupled with the DMC 
524 inverter operating at 400 V, delivers continuous power and diminishing torque 
output [7]. 

After the conversion the curb weight increased to 947 kg with a weight distribution of 

47% in the front and 53% in the rear. Thus, the overall increase in weight was kept min-

imal and the weight distribution was brought closer to a 50-50 balance. The acceleration 

from 0 to 100 km/h decreased to 9 seconds and in general the car was far more respon-

sive than the original. The car was outfitted with a 19 kWh battery pack made by Kokam. 

It is divided into two sections, one in the front and the other in the trunk. This brings the 

total range of the car to 150 kilometers with a charging time of 6 hours from empty to full 

with the onboard 3.7 kW NLG 513 slow charger. With direct current (DC) fast charging 

the charging time was brought to 40 minutes from empty to 80% battery capacity. As 

seen in Figure 6, the front battery pack along with the inverter, DC/DC-converter and 

electric motor coupled with the reduction gear fill the space left by the original 6-cylinder 

engine well. 
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Figure 6. From left to right: the DC/DC-converter, the inverter or motor controller and below the 
large red metal cover, the front battery pack and high voltage connector box [2]. 

The HSM coupled with the reduction gear was positioned directly below the DC/DC-

converter and in fact, the assembly took up the space formerly taken by the transmission. 

The high voltage (HV) cables ran below the car parallel to the propeller shaft. Three 

aluminum plates were installed under the car to protect the HV cables from any external 

damage or wear. 

The batteries and battery management system (BMS) used were manufactured by Ko-

kam and the batteries were lithium nickel manganese cobalt (Li-NMC). Due to space 

constraints, seven battery modules of the type KBM216-14S connected in series were 

used. Each module consists of 14 cells of the type SLPB120216216 connected in series. 

The capacity of each cell was 53 Ah and since everything was connected in series that 

meant the total capacity of the battery pack was also the same. The minimum voltage of 

each module was 42 V, the nominal voltage 51.8 V and the maximum voltage 58.8 V as 

seen in Figure 7. This meant the voltage could theoretically go from 294 V up to 411.6 V 

with the nominal voltage being 362.6 V. 
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Figure 7. Specifications of the KBM216-14S battery modules that were used. The relevant val-
ues are on the right side under the 53 Ah value [13]. 

The specifications in Figure 7 state the maximum and minimum voltage per battery mod-

ule, but in order to extend battery life and also prevent damage to the battery the maxi-

mum and minimum voltages actually used when operating the vehicle were different. 

The minimum voltage given in the specification is calculated by using a minimum voltage 

of 3 V per cell, the nominal at 3.7 V per cell and maximum at 4.2 V per cell. The minimum 

voltage value used was kept the same, since especially at lower state of charge (SOC) 

a sharp acceleration or otherwise heavy load can cause the cell voltage to momentarily 

drop sharply. The minimum voltage also means that discharging is prevented from that 

point on and discharge current is derated even before that to prevent damage to the 

battery. Discharging below the minimum voltage is called deep-discharging and charging 

above the maximum voltage is called over-charging. The maximum voltage allowed was 
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set to 4.12 V per cell which equals 57.68 V per module. The reason for this is due to the 

characteristics of lithium-ion batteries. Deep-discharge and over-charge cause heavy 

stress for the batteries, which leads to rise in cell temperature. In the worst case that can 

even lead to an event called thermal runaway, where a cell’s temperature from some 

point forward begins to rise uncontrollably. The exact temperature is different for cells of 

different chemistry. Thermal runaway causes the internal pressure of the cell to rise, the 

cell to expand and even burst into flames or explode [14, 15, 16]. To manage the cell 

temperatures and cell voltages the discharge current as well as the charge current were 

derated as temperatures were too low or too high or cell voltages were too low or high 

or if there was a continuous high current discharge. The specifications mention the al-

lowed continuous discharge and charge currents, as well as the peak discharge current, 

which are given in both amperes and C-rates. C-rates are related to the capacity of the 

battery: since the capacity of the battery installed in the vehicle is 53 Ah, that means 1C 

is 53 A. Furthermore, the 53 Ah rating means that the battery can deliver 53 A for one 

hour at the discharge rate given by the manufacturer. Raising the discharge current and 

thus the C-rate to 2C, meaning 106 A, the same battery can theoretically provide that 

current for half an hour [17].  It is also noteworthy that the peak discharge current is 

usually limited to a 10 s pulse and is available only when battery SOC is above 50 %. 

 

3.1.4 Electrical System of the Converted Vehicle 

As mentioned in chapter 3.1.2, it was decided that the original 12 V system of the vehicle 

would be taken apart completely and a new more modern and safe electrical system put 

in place. Failing to find a suitable preconfigured, or universal, “bolt-on” wiring system, the 

system was designed from ground up and all the wiring was done by hand. The new 

system was based on the original wiring diagrams and can be seen in Appendix 1. The 

design was carried out with the assistance of students Sami Tirkkonen and Janne Hulk-

konen. Janne Hulkkonen was also part of the team converting the vehicle. 

When starting to plan the new system, it was clear that requirements for the system 

needed to be mapped in advance. Since all the lights, switches and instruments re-

mained the same as the original, there was already a framework for the system. The 

system used a number of relays to control loads such as the headlights, cooling fan, rear 

window demister and horn to name a few. One of the main challenges faced was the 
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placement of the fuse and relay assembly, since there were simply not many conceivable 

places to install everything. Finally, a decision was made to place the fuse and relay 

assembly on the right-hand-side of the passenger footwell. As seen in Figure 8, the fuse 

and relay assembly was quite simple in its design and implementation. The VCU was 

also placed on the passenger side on the firewall directly behind the 12 V battery. One 

of the factors considered when choosing the 12 V battery was its dimensions, so it would 

fit in the designated place and also more importantly the ability to be deep cycled, mean-

ing the voltage of the battery can drop low without drastic results on the battery life, as 

well as being able to deliver a high discharge and charge current [8, 9, 10].  An absorbed 

glass mat (AGM) battery manufactured by Haze Batteries was selected to power the 12 

V system due to the advantages of using an AGM battery such as being maintenance 

free, having a low self-discharge level and internal resistance and a long service life.  

 

Figure 8. The fuse and relay assembly with the main relay and vehicle side connectors re-
moved. The two circular metallic objects on the top right are the indicator and hazard 
relays respectively, used in classic cars. 

As is visible from Figure 8, the expandability of the assembly was somewhat limited. The 

packaging could also have been done better, but especially due to time constraints, an 

easy and fast solution needed to be executed. The main fuse for the low voltage (LV) 
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system was connected between the battery terminal and the lead that powers the as-

sembly. The main fuse was 50 A and there was also a fuse between the DC/DC-con-

verter and 12 V battery that was 300 A. One of the problems faced during wiring, was 

that even though the connections had been planned, the routing was done on the spot. 

This led to problems when new devices were added to the vehicle because routing had 

to be rethought every time. Also, the lack of specific planned grounding points meant 

that ground wires were erratically placed and the end result of the wiring was very cha-

otic. Later during the development of the vehicle a second rewiring project was under-

taken to try and make the routing more sensible. During the second rewiring project, 

plans were made for future improvements to the LV system in order to further improve 

on its reliability. 

4 The Control System 

4.1 Planning the Control System 

As stated earlier in the introduction, a key aspect in the control system was for it to be 

as unobtrusive as possible. The idea was that when a person steps into the car, that 

person would not be able to distinguish between the converted vehicle and the original. 

In other words, the original instruments and switches needed to look exactly like the 

original. The instruments and dash also featured warning and indicator lights that were 

repurposed to indicate other things, most of which meant that a new type of driver’s 

manual would also need to be written for the driver to know what a static or flashing light 

was there to indicate. Since the original warning lights were not very extensive in their 

communication of different types of faults, a single warning light needed to be able to 

communicate at least two types of faults and with different flashing frequencies, even 

more could be indicated. However, since deciphering different frequencies of flashing 

did not seem like an intuitive approach, a static or flashing warning light was used. The 

vehicle also had a temperature and fuel gauge that were used to indicate the coolant 

temperature and battery SOC respectively. 
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4.2 General Overview of the System 

At the heart of the control system was the VCU that received all sensor inputs and des-

ignated digital inputs as well. It handled communication between devices and controller 

area network (CAN)-buses as well as performing calculations related to the control sys-

tem. The layout of the control system and CAN-buses is displayed in Figure 9. 

 

Figure 9. Layout showing how all the devices are connected to each other in the CAN-bus. The 
stars represent star points, i.e. a point that has multiple CAN-lines diverging from it. 

The layout does not show the HSM, since that is not directly connected to the CAN-bus. 

Instead the motor controller DMC 524, that handles direct communication with the motor, 

is shown. The DMC relays requests from the VCU and motor information from the motor 

to the VCU. The DMC also handles derating, limiting and cutting power to the motor in 

situations that require it. The motor is discussed in more detail in chapter 3.1.3. The VCU, 

DMC, Bidirectional Supply Converter (BSC) (i.e. DC/DC-converter), BMS, slow charger 

NLG 513 and CHAdeMO-interface will be discussed in further detail in the coming chap-

ters. The TSR-CAN-03 is a CAN-bus capable coolant temperature sensor made by ZILA 

that is connected to the coolant outlet of the inverter that leads to the motor. Each CAN-
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bus has its own D-subminiature (DB9) connector and the serial connection for BMS com-

munication also has its own DB9 connector. CAN0, depicted in red in Figure 9, repre-

sents the traction network and the 120 ohm CAN-bus resistors are located in the inverter 

and the other one in the charger, so the CAN-bus starts from the inverter and ends at 

the charger. The BMS has its own slower CAN-bus, depicted in blue in Figure 9, with the 

resistors located at the BMS and the other one just before the DB9 connector. The 

weights of the powertrain components are as follows: 

 DMC: 9.5 kg 

 HSM: 51.5 kg 

 BSC: 4.8 kg 

 Battery: 133 kg (19 kg per module) plus battery boxes. 

 NLG: 6.3 kg 

The weight of the powertrain components is thus 205.1 kg excluding the battery boxes, 

the weight of the HV cables, the liquid cooling system for the powertrain and the HV 

distribution box, which is roughly 6 to 8 kg. The devices (e.g. VCU, temperature sensor) 

not mentioned in the list above are negligible in weight and can be rounded to 2 kg in 

total. 

4.2.1 Vehicle Control Unit 

The controller used is a VCU60 by BRUSA that is based on a TTC60 controller made by 

TTControl. It supports the CoDeSys-programming language, which is widely used in in-

dustrial and automation applications and is based on the IEC 61131-3 standard [18, 19]. 

It has support for two CAN connections and more importantly support for the CANopen-

standard. It also provides support for a serial connection through the RS-232-standard 

and local interconnect network (LIN) support but these connections were not used. It 

also has 40 programmable input / output (I/O) points with 8 points supporting pulse width 

modulation (PWM) and others supporting digital inputs and outputs and analog inputs. It 

also has two dedicated 5 V sensor supplies and a variable sensor supply with support 

for 8.5 V, 10 V and 14.5 V and ground reference pins for analog sensors [20, 21]. The 

control system uses one CAN-bus for the powertrain components and the other CAN-

bus for the Kokam BMS and the VCU acted as an intermediary to pass information from 

one CAN-bus to the other. 
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4.2.2 Digital Motor Controller 

The DMC 524 coupled with the HSM1-6.17.12 make up the actual motor unit and the 

motor is driven by the DMC. The torque request, speed limit and rotation direction are 

passed by the VCU, which reads the accelerator pedal and driving direction switch, to 

the DMC. The motor communicates its temperature and rotor position to the DMC that 

relays the information to the CAN-bus. The rotation speed is limited when reversing and 

the torque is derated when reaching and nearing the speed limit. The DMC 524 is capa-

ble of running different types of three-phase motors, be they HSM or asynchronous mo-

tors (ASM) [22, 23]. The motor parameters are fed into the DMC through BRUSA’s soft-

ware. The DMC 524 supports continuous power of 79 kW and a maximum power of 105 

kW, with a peak current of 300 AAC and continuous current of 225 AAC [22, 23]. 

4.2.3 Bidirectional Supply Converter 

The BSC624-12V DC/DC-converter converts the HV to 12 V in order to charge the 12 V 

battery and also supply the LV system. In general, there are two systems in EV’s: one is 

the HV system which powers the powertrain components, a converter that converts the 

HV into LV, and possibly some kind of an HV heater. The HV is always isolated from the 

grounds of the vehicle to prevent an electric shock from happening since there are al-

ways large currents at play as well as a high voltage. An insulation monitoring system 

(IMS) is usually implemented to constantly measure the insulation between HV and the 

grounds of the vehicle. The LV system powers the powertrain components, the VCU and 

other possible electronic controllers as well as all the lights, radio and other things one 

would find in an ICE vehicle. The reason for this is that most electronics equipment can-

not handle higher voltages directly and some cannot handle voltages above 3.3 V or 5 

V. In these cases, the higher voltage is regulated to a lower voltage that the device can 

handle. Also 12 V is almost universal in passenger vehicles as most automotive systems 

are built for it. The purpose of a converter is that it can supply the entire LV system, so 

one could actually remove the 12 V battery from the middle when the system is running. 

Of course, as soon as the system would be powered off, it would cause immediate prob-

lems. The BSC624 is capable of operating at input voltages from 220 V to 450 V deliv-

ering an output voltage of 8 to 16 V and being able to deliver 200 A of continuous current 

and 250 A maximum current at the nominal 14 V. It also supports a boost and buck mode 

as well as a CAN-less mode, although the converter is controlled through CAN in this 

application [24, 25]. 
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4.2.4 Battery Management System 

Kokam’s BMS was provided as is. It featured a master BMS and HV-distribution box as 

well as a slave BMS in each battery module to provide cell voltages and temperatures 

and overall module voltage. The BMS had support for one CAN-bus and also a RS-232 

connection to provide monitoring through their own proprietary software. At first, it was 

planned to have all the devices on one CAN-bus, since the number of devices and CAN 

messages on the bus meant its load would not be heavy. However, Kokam’s BMS used 

extended CAN messages with 29-bit identifiers and bit rate of 250 kilobytes per second 

(kBps) that was not compatible with the rest of the powertrain components that used 

standard CAN messages with a bit rate of 500 kBps, which forced to use separate CAN-

buses for the BMS and powertrain as discussed earlier in chapter 4.2. The purpose of 

the BMS is to monitor the state of the battery at all times and prevent damage to the 

battery if preset limits are crossed by ultimately cutting the battery off from the rest of the 

HV system. The BMS is also responsible for balancing cell voltages whenever the battery 

current is low enough and the cell voltages are not within limits. If the difference in cell 

voltages increases too much, the BMS prevents charging and discharging completely 

and focuses on bringing the cell voltage difference back to within preset limits. 

4.2.5 BRUSA Slow Charger NLG 

The charger used is a NLG 513 air cooled model from BRUSA. It offers an automatic 

operation mode, a preprogrammed operation mode and CAN-controlled mode and in this 

application it was controlled via CAN-bus. It is capable of delivering a maximum power 

of 3.7 kW with an input voltage range of 100 to 240 V meaning it can be used all over 

the world. Its maximum input current is 16 A and input voltage frequency range is 48 to 

62 Hz. It can output 200 to 520 V and supply a maximum charging current of 12.5 A [26, 

27]. It is also possible to connect multiple chargers in parallel to increase the charging 

power. The charger was installed next to the rear battery pack in the trunk. A wooden lid, 

covered with embroidered cloth was installed on top of the trunk area to make it more 

aesthetically pleasing. The charger had two fans that pulled in cool air and exhausted 

the hot air from the back. Since the charger was effectively in a closed space that meant 

it would start to circulate the same hot air in the confined space. To resolve this problem, 

an existing hole on the bottom left side of the trunk, which was earlier used to provide 

venting for the gas tank, was made larger and an air filter was installed below it. A custom 

made aluminum sleeve was installed in front of the fans of the charger to create a 
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stronger vacuum effect and a flexible air tube leading to the hole on the bottom so the 

charger could pull in cold air from under the car and expel it to the trunk area. During 

wintertime, this can provide heating for the cabin.  

4.2.6 CHAdeMO Fast Charging Interface 

The CHAdeMO fast charging interface provided by LiTHIUM BALANCE featured two 

CAN-buses, one dedicated to CHAdeMO CAN-bus interaction and the other to connect 

to the vehicles CAN-bus. The interface is fully compliant with the CHAdeMO standard 

v1.0.1. The vehicle side CAN-bus provides the interface with limits to charging current, 

charging voltage and the target SOC. The interface is designed to be compatible with 

any battery pack and enables easy integration into an existing EV system [28, 29]. As 

discussed earlier in chapter 3.1.3, lithium-ion batteries can be severely damaged and 

become dangerous when overcharged or discharged too deep. For that reason, most 

battery systems scale the shown SOC so the entire capacity and voltage range of the 

battery is not actually used. When an EV reports its SOC to be 100 %, it can actually be 

90 % of the capacity of the battery. This is done to prolong the battery life and also protect 

the battery. When looking at a constant current / constant voltage (CC/CV) charging 

curve shown in Figure 10, a charging method most used when charging especially single 

cell lithium batteries, one can see that the capacity of the battery rises rapidly when 

charging the battery from empty to around 83 % SOC. 

 

Figure 10. CC/CV charging curve for an 18650 lithium ion battery cell [30]. 
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The charging process starts with a constant current that allows the voltage to rise until a 

certain voltage is reached. After the voltage of the battery cell reaches a certain level 

defined by the chemistry of the cell, the charging proceeds by setting a constant voltage 

and letting the current drop. When the current drops to zero or close to it, the charging 

process is stopped. Because charging after a certain voltage level takes a considerable 

amount of time, fast chargers are usually either preset to stop at 80 % (i.e. the voltage 

level when charging current begins to drop considerably) or allow the user to set a target 

SOC. If the charging current is not lowered after the voltage is near the full voltage of the 

battery, the battery begins to heat faster due to the internal resistance growing which 

shortens the battery life. Battery systems with multiple cells also have to consider the 

difference in cell voltages and temperatures. 

4.3 Functions of the Control System 

As with all modern vehicles, there are multiple control systems that have independent 

functions from each other. Typically, there is also a master level control system that is 

capable of turning off other non-vital control systems in case a fault is detected or the 

power supply system becomes jeopardized for instance in an ICE by the engine driven 

charger breaking or in an EV if the DC/DC-converter fails. The general rule is that the 

vehicle needs to be able to be driven to a service center if some type of failure is detected 

unless the failure is directly related to the driving capability (i.e. engine or motor failure). 

During this thesis, the function of all control systems needed to be designed and con-

ceptualized. The electrical system of the vehicle could also be thought of as a low level 

control system (in control systems, high level means a more visible type of control relying 

on the low level system, while low level control infers the essential things to make some-

thing work) since it supplies electricity to all controllers and devices, in essence making 

it possible for them to work. That meant that the electrical system needed to be as relia-

ble as possible. 

On the other hand, the control system consisted of the electrical system which passed 

electricity from the LV supply to devices needing it either through the use of switches or 

having certain devices such as the VCU directly connected to the supply. Switches either 

transferred the electricity directly to a device or through the use of a relay. Relays con-

trolled heavier loads such as the rear window demister, horn, lights, hazard and indicator 

lights etc. Thus, at its core the electrical system was very simple and had no ability to 
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communicate faults on its own apart from something simply not functioning. The VCU 

was tasked with having a fully functioning EV. As stated before, it acted as a gateway 

between the BMS and traction network (powertrain components), read important CAN-

messages from each device, sent control messages to devices needing them, read dig-

ital inputs, analog inputs by sensors, supplied a regulated voltage for sensors and sup-

plied digital outputs as well. Figure 11 depicts the startup procedure of the vehicle when 

the driver turns the ignition key. 

 

Figure 11. Flow chart showing the different steps needed to take to drive the vehicle and the 
process performed by the VCU. 

As discussed earlier in the introduction and chapter 4.1, different warning lights needed 

to be repurposed to indicate faults relevant to the vehicle. All the devices connected to 

the CAN-bus were capable of performing self-diagnostics and then relaying status mes-

sages through their respective CAN-messages. This meant it was easier to simply read 

the different statuses of the devices and then act upon that information. The dashboard 

only featured seven lights in total, as shown in Figure 12. 
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Figure 12. The top left instrument is the speedometer that has a light for the main beam, oil and 
ignition. The gauge in the middle is the tachometer that has the turn indicator light and 
a demist light. The picture below with the fuel and temperature gauges also feature 
two lights beneath both gauges. 

Since there was no engine oil at use in the system, even though the reduction gear and 

rear differential both used gear oil for lubrication, the oil warning light was used to indicate 

a ground fault. The ignition light would flash when starting the car up and would show a 

static light if there was a problem indicated by the motor controller. The lights in the 

tachometer were kept the same, since those were still used in the normal fashion. Orig-

inally, the light under the fuel gauge indicated empty fuel and flashed when the hazard 

lights were on. It was repurposed to flash when the LV supply was under 12 V, the 

DC/DC-converter was not running, or if there was a fault or warning indication of over 

current, over voltage or under voltage from the BMS. A static light was kept to indicate 

low SOC. The light under the temperature gauge was used to indicate coolant overheat-

ing under normal driving conditions and also to indicate the slow charger overheating 

when charging when the light was constantly on. When the light flashed, it was used to 

indicate a warning or fault of cell over temperature or under temperature signaled by the 

BMS. A proprietary system was developed to control the gauges, although their function 

remained the same as before. 
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The original accelerator pedal used a throttle cable connecting the pedal to the two car-

buretors on the engine and moving the throttle valves within the throttle bodies. This was 

replaced with a modern electronic throttle pedal that had two pedal position sensors. The 

pedal was connected to the 5 V sensor supply of the VCU, the vehicle ground and the 

sensor signals were read through the analog inputs of the VCU. The signals have a 

different range but the same linearity, in order to enable the detection of a fault or a failure 

of the throttle pedal. The signals are constantly read and checked against one another 

to determine if there is a problem. If the signal values are too far apart then the status of 

the pedal is read as “not ok” and driving is effectively disabled. Only one of these signals 

is used for driving. The signal value was scaled and the accelerator output was expo-

nential instead of linear since an exponential throttle response provides a more natural 

feeling driving experience. In contrast, a linear scale would make the car feel touchy. The 

exponential accelerator value, a value between zero and one, was multiplied with the 

maximum allowed torque output of the motor (220 Nm). After that, it was integrated to 

prevent the value going from zero to 220 Nm instantly to prevent damage to the power-

train. After that, the value was processed through a limiting function, which used data 

from the BMS and powertrain to limit the requested torque and that torque was then sent 

to the DMC as a torque request, which it then processed internally to achieve the maxi-

mum possible torque output requested. The accelerator also had a twofold operation 

where the very beginning of the pedal motion was reserved for use with regenerative 

braking. After that portion, there was a small window with zero output to enable coasting 

before the accelerator began to accumulate positive values. In other words, when de-

pressing the pedal very slowly there was a portion of the motion where nothing happened 

and after that the car began to accelerate. When raising the pedal beyond the coasting 

portion, the pedal begins to accumulate negative values that act as a multiplier for neg-

ative, or regenerative, torque. Even if there are no battery limitations for achieving a 

certain discharge current and torque, the DMC can still limit the request based on its 

internal parameters and the rotation speed of the motor. The DMC is capable of two 

modes of operation: 

 Torque mode 

 Speed mode 

In torque mode, the DMC is provided a speed request parameter in its control message 

that acts as a speed limit for the motor. That means the DMC will limit torque when 

nearing the set rotation speed to prevent exceeding it. The driver uses the accelerator 
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pedal to request torque from 0 to 100 %. In speed mode the torque request parameter 

of the control message acts as a torque limit, meaning the DMC will prevent exceeding 

the set torque. The driver then uses the accelerator pedal to request a motor rotation 

speed. Scaling of the accelerator pedal would be trickier since the maximum speed of 

the motor is 12.000 RPM. With the fixed 6.48-to-1 ratio, a rotation speed of 1000 RPM 

is approximately 16 km/h calculated from the formula: 

 𝑣 =
2𝜋𝑅𝑑∙𝑅𝑃𝑀∙60

1000∙𝑖𝑝
 (1)  

where 𝑣 means speed in km/h, 𝑅𝑑 stands for the dynamic radius of the wheel, 𝑅𝑃𝑀 

stands for the rotational speed of the motor in rotations per minute and 𝑖𝑝 stands for the 

ratio of the powertrain. The dynamic radius is, as the name implies, a constantly shifting 

value affected by the temperature, friction and rotational speed, among other things, of 

the wheel. An estimation can be calculated from the formula: 

 𝑅𝑑 =
𝐷

3

2
 (2) 

where 𝐷 stands for the rolling diameter of the wheel. A speed controlled motor is often 

found in circular saws for example where it is important for the speed to remain con-

stant but the required torque may vary depending on the load placed on the motor. In 

automotive applications a torque controlled motor is what most drivers are accustomed 

to and what, although subjectively, provides a more natural feeling experience. The 

DMC was set to function in direct torque control mode in the converted vehicle. 

A sensor was also installed on the brake pedal to enable reading the brake pedal position 

with the VCU. The sensor used was a chassis level sensor that is normally used in mod-

ern cars with xenon lights for instance. The lights are automatically adjusted with the help 

of multiple level sensors underneath the car to determine if the lights are pointing too 

high or too low and to provide optimum visibility for the driver. A modern level sensor as 

well as the sensors within the electronic accelerator pedal typically use a Hall Effect 

sensor which means the sensor virtually never has wear related failures since there is 

no physical contact. The original brake pedal had a lot of travel, which meant there was 

a significant portion of the pedal motion where the brakes were not actuated but instead 

the pedal had to be pushed fairly deep for the brakes to engage. The entire motion of 

the brake pedal was used to act as a multiplier to intensify regenerative braking. Because 
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an electric motor is capable of using the same maximum torque for output and regener-

ation, limiting the maximum torque allowed for regeneration is necessary to avoid dan-

gerous situations, especially when the motor is driving the rear wheels of the car as in 

this case.  

4.4 Future Improvements to the System 

As discussed earlier in chapters 3.1.4 and 4.3, the basic electrical system of the vehicle 

needed to be as reliable as possible. For that reason, the original wiring was removed 

and a new system designed and put in its place. However, due to time constraints and 

lack of experience leading to poor planning, the wiring of the system was chaotic and led 

to a second rewiring project later on. The routing of the wires was then made more con-

sistent, excess wires were cut down to proper sizes and grounding points were utilized 

better. It became evident that the second rewiring project was simply not enough to make 

the LV system consistently reliable and especially less chaotic, and that additions to the 

system such as new devices would require significant effort. Also, issues with interfer-

ence to the I/O-signals of the VCU were detected, further pushing for the need for more 

improvements. Therefore, the use of CAN-bus controlled I/O-modules was conceptual-

ized. Instead of having wires run back and forth, from switches to the supply system to 

the controlled system, an I/O-device could use the switches as digital inputs and run low 

loads such as lamps directly and higher loads through relays. Having CAN-bus capability 

would also mean that diagnostics of the LV system could easily be implemented. This 

would also mean that the LV system would have to be redesigned once more and most 

of the wiring would have to be redone even though small parts of it could still be used. 

5 Summary 

5.1 Challenges Faced 

The biggest challenge that was faced during this thesis was lack of experience in de-

signing electrical systems and also having no proper prior experience with programming. 

Another challenge was the mechanical integrity of the original vintage parts: multiple 

switches needed to be replaced because the mechanisms quite simply failed under nor-

mal usage. Most parts were also clearly not designed to be repaired. A common electrical 
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problem with vintage vehicles was also poor grounding that required assistant grounding 

to be installed in certain places. Even though there were severe time constraints espe-

cially during the end-period of the thesis, the experience in itself was extremely rewarding 

and helped accumulate much needed experience and knowledge. 

 

5.2 Conclusion 

The end result of the thesis was a successfully working control system that enabled sim-

ple and easy driving of the vehicle, protection of the vital battery system and the com-

munication of warnings and fault to the driver to the extent made possible by utilizing the 

existing instruments. While the LV system was not perfect in its implementation, it still 

served its function. Multiple development ideas were conceived and new iterations will 

be worked on in the future. 
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12V Wiring diagram after the conversion
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