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1. Abstract.

This report will outline the design process used when converting an internal combustion engine or
ICE powered off-road buggy, to a series hybrid powered off-road buggy for use in the recreational
and corporate entertainment sector. During the report, there will be a discussion of the calculations
behind choosing the suitable components as well as any existing supporting literature. The required
components will be outlined as well as their individual cost, this will be used in the evaluation
section to further discuss alterative solutions.
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4, Introduction

This assignment will outline the procedure used to design an off-road buggy for use in the
recreational and corporate entertainment sector. The company are considering producing a series
hybrid version and require research to be undertaken to find alternative series hybrid powertrain
technologies. Throughout the report there will be data collected that was used to assist in sizing
motors, storage solutions, motor controllers, generators and final drive solutions.

Once data was gathered, a series hybrid solution has been produced that meets all the requirements
that the previous petrol-powered internal combustion engine buggy provided. The total cost of all
components will be outlined as well as any alternative methods that could be used to reduce cost,
mass, or complexity.




5. Literature Review

Before gathering data and parts to create a series hybrid off-road buggy, research must be carried
out to ensure there is a full understanding of the component parts required. Anandhan, S. et al,
2009 says that the ICE or generator power source has no direct link to the driven wheels, in a
series hybrid layout. This means that a series

hybrid drivetrain layout only has the motor

connected directly to the driven wheels, and the | Fuel Tank
Vo

generator and storage is connected electronically
to the system, as shown in figure 1 to the right.
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the right.
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2018.

Figure 2 - Taken from Kumar, P 2015

Brahmbbhatt, S. et al, 2019 describes a fuel cell as a

method of generating electrical power through a process called electrolysis. Moghbelli, H. 2003
describes a fuel cell to generate power with reduced emissions, and greater efficiency than a
petrol/diesel powered alternative.




6. Methodology

To convert an ICE powered buggy into a series hybrid alternative, there are key values that the new
design must meet. These include peak power (Kw), Peak torque (Nm) and Max wheel speed (Rpm)
from which the components can then be selected based on these requirements. As shown in the
excel sheet the maximum power at the wheels was 57.9673 Kw, the peak torque was 198Nm and
the maximum wheel speed was 1138.28 Rpm. From here the systems efficiencies can be found
through secondary research, and power capabilities calculated for each of the parts.

Figure 3 to the right shows the table created to illustrate all the drivetrain components efficiencies,
and the power requirements for each component. The table was calculated by identifying peak

power, which was 57.976 Kw. By dividing the required power Title. Value Units
at the wheels by the final drive ratio, the motors required m sutput power m F
output power was calculated at 59.150 Kw. This process is Motor controller output power | 64.858)| Kw
repeated for the motor input power, motor controller output Storage output power 49.695 Kw
power, motor controller input power. When calculating the Generator output power 31.000 Kw
storage requirements, the total controller input power was Motor Input power 61.615 Kw
split between the fuel cells maximum output power of 31 Kw Motor controller input power  68.271 Kw
and the super capacitor storage of 49.695 Kw gives a total Storage input power 66.260 Kw
theoretical output of 80.695 Kw if the fuel cell was to produce  Generator input power 56.364 Kw
maximum power constantly. Motor efficiency 0.96 %/100
Motor controller efficiency 0.95 %/100
When selecting a motor for this application the required peak  Fuel cell efficiency 0.55 %/100
torque value was calculated to ensure the buggy would have ~ Storage efficiency 0.75 %/100
the same performance characteristics, the value was Final drive ratic efficlency 0.98 %/100
calculated by multiplying peak acceleration force, by the Figure 3 - Efficiency and power calculation table.
radius of the tire giving T = 1320n x 0.15m giving a required
peak torque value of 198Nm.

Finally, the maximum wheel speed was calculated, to ensure that once a suitable final drive ratio
was found, the motor could achieve the desired Rpm so the buggy could reach its maximum velocity
of 17.88m/s. The maximum wheel speed was calculated by dividing maximum velocity by wheel
circumference and multiplying that value by 60, giving (17.88/0.9425) x 60 = 1138.28 rpm. The final
drive ratio can now be calculated by dividing the required motor output torque by the maximum
output torgue of the motor, multiplied the final drive ratio. This formula gives the equation 198/
(250 x 0.98) = 0.808, meaning the final drive ratio increased motor speed in relation to wheel speed
by a ratio of 1:0.808. The maximum motor speed can now be calculated to evaluate the finald rive
ratio choice, using the formula: input speed = output speed/gear ratio gives a maximum motor

speed of 1408.27 rpm.

The SDT-AC13-0290-153-400 motor was selected using the specifications calculated above, the
controller must now be specified. The mentor Mp155a4r controllor was chosen as it was able to
output a maximum of 64.858 Kw at 380v to ensure the motor can meet the performance
requirements of the ICE. Once a suitable controller was selected, the storage requirement was
calculated. The storage for the buggy was super capacitors as it would provide the required power,
while saving mass compared to battery storage alteratives due to capacitors having a high energy
density. To calculate the required capacitance for the system the maximum discharge was found
from the drive cycle, and the following formula used: Max discharge = Max power out x time, giving




49695.15 x 28 = 1391464 J.

Capacitance can now be calculated by using the formula: Capacitance = 2 x maximum
discharge/supply voltage?, giving (2 x 1391464)/(400?) = 17.39F. Ultra capacitors can now be
selected with the required capacitance for this system. The ultra capacitors selected for this
application was the maxwell 22F ultra capacitor cell, which operated at 2.7v. For the ultra capacitors
to be able to supply 400v for the motor, a pack would need to be created wired in series. To
calculate the number of capacitors required, the supply voltage must be divided by the capacitor
voltage. Using the systems values gives: 400/2.7 = 148.15, therefore requiring 149 ultra capacitors.
Finally, the generator can now be selected to be able to maintain the storage charge during the drive
cycle. A fuel cell was selected to generate the required system power, while providing a low noise,
increased efficiency and low emission alternative to that of tradional petrol

or diesel powered ICE generators. The hydrogenics HyPM-HD 30 power Creste/Recoed 8
module was selected for this application as it would produce up to 31Kw of typical drive cycle
power if the cell was to run at maximum output, meaning that the fuel cell
can provide 12Kw more power than is requried. The design process of the

buggy's series hybrid drivetrain followed a structured layout as shown in the Identify paak REM
flow chart, labelled figure 4 after reading Rahman, Z. et al, 2000. Torque. Power
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7. Analysis

Appendix 1 shows the battery joules flow over time during the buggy’s drive cycle. From looking at
appendix 1 the maximum joules out of the storage was 49695.15w for 28 seconds giving a maximum
output in joules of 1391464). The area under the top raph is larger than the area under the
lower part of the graph means that at the end of the drive cycle, the storage is fully charged because
the total area under the lower part of the graph shows the energy being released by the storage and
the area on top of the graph shows the energy being recovered back into the storage through
regenerative braking. Appendix 2 shows the required motor torque throughout the duty cycle
off-road buggy, the maximum torque required was when the buggy was accelerating at 2M/s.
Appendix 3 shows the relationship between the motor speed and wheel speed, with the motor
speed higher than the wheel speed due to the final drive ratio of 0.808:1




8. Conclusion

Through secondary research and mathematical calculations, the series hybrid alternative can match
the performance characteristics of the original ICE powered vehicle. The series hybrid alternative can
produce the required power and torque of the ICE buggy and has sufficient storage to complete the
drive cycle at the velocity that the previous ICE powered buggy could.

The breakdown of the cost can be found in figure 5, with the
sources of each part located in the reference section. The motor
for the buggy was £1021 from SDT drive technology, the
controller cost £4251.23 from www.transdrive.co.uk, the fuel cell
price was not specified on the site, so a less powerful fuel cell was
used as a guide price of £2634.02. The storage solution was
£697.95 from www.maxwell.com, and the final drive solution was
an additional £649 from www.renold.com. The total component
cost to convert the buggy from an ICE to a series hybrid
alternative was £9253.20, however the actual price would be
greater due to the fuel cell’'s expense predicted to be greater than
the guide price listed here.

Title Cost

Motor £1,021

Motor controller £4,251.23

Fuel cell £2,634.02 Guide price
Storage £697.95

Final drive £649

Total £9,253.20

Figure 5 - Cost breakdown table.




9. Evaluation

The issues with the proposed buggy design is that the storage system using ultracapacitors was
presumed to maintain its capacitance when the charge was depleted, however from using the
formula Q = Cx V, the charge of a capacitor is directly proportional to the amount of voltage that the
capacitor can output. This means that as the capacitors voltage decreases during its use, the amount
of energy the capacitor can delivers also reduces. Adewoyin, A. et al, 2017 describes another issue
with capacitors as a storage solution as a phenomenon called a time constant, which states that as a
capacitor is left over time unloaded the capacitor will discharge by itself due to internal current
leakage across the dielectric medium.

The final drive also could create an issue with the buggy’s use off-road, due to it being an exposed
chain drive system. The chain drive was chosen as it was low cost and highly efficient, however with
the buggy being used off-road, premature wear could be an issue as the chain and sprockets are
exposed to the off-road track surface. A solution to this issue could be to use a sealed differential
and use shafts to drive the differential and turn the wheels. This would eliminate the risk of the
drivetrain being worn prematurely due to the conditions but would reduce the efficiency of the
system as a sealed differential that’s used on road cars has a lower efficiency, as per Hiroki, M. et al,
2006.
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1600.0000

1400.0000

1200.0000

1000.0000

800.0000

600.0000

400.0000

Motor and wheel speed (Rpm)

200.0000

0.0000

Appendix 3 - Relation between wheel speed and motor speed

e \\heel speed

m— \otor speed

W o W o W o WO
L B s T T
L B I I B I |




Assignment 2

GRADEMARK REPORT

FINAL GRADE

/100

GENERAL COMMENTS

Instructor

Hello Ashley. | hope that you found the assignment
stimulating and challenging. The intro is good. There
appears to be some mismatch on max and average
power and requirements from the fuel cell elec
generator. The torque values appear low due to the
tiny wheels, please check. Calcs for accumulative
energy flow into and out of storage need reviewing.
As the links don't work a summary of the component
specs in appendices was expected.

If you have any questions or require clarification
please contact me.

PAGE 1

PAGE 2

PAGE 3

PAGE 4

PAGE 5

PAGE 6

PAGE 7

Comment 1

There is no need to cover alternative hybrid layouts. You should concentrate on alternative

motor controller technologies etc.

Comment 2

Nice table but... Input into motor controller is made up of, output from generator 31kw plus
output from storage 37 kw to make the required 68kw peak.....

Comment 3

Storage input power is 31kw coming from the generator.

Comment 4



PAGE 8

Well what is happening here? According to your graphs max tractive effort is over 4000N (which
is probably too high as you would not have enough grip). The wheel rolling radius is 150mm
(which is rather small - where did this value come from?). So your torque requirement would be
much higher.

Comment 5

Motor and controller specifications should be included in the appendices.

PAGE 9

Comment 6

You have calculated the energy flow into and out of the battery. However this is not cumulative
and you need to do that to size the energy storage required and hence the capacitance for
useable capacity.

Comment 7
What is this calculation showing?

Comment 8
Are the capacitors okay to run at the high voltages when in series like this?

Comment 9

Average power at the wheel is 28kw so what is needed at the input into the motor controller?
The FC will be running at about 31kw all the time....

PAGE 10

Comment 10

It shows the flow at each second not the accumulated flow over time. For hat you need to add
them all together.

Comment 11
please see previous comments on input and output power to storage.

Comment 12
Motor torque is required to produce the required total tractive effort, not just for acceleration.

PAGE 11

Comment 13
So generally you plan for a voltage head or a powerful dc to dc converter.



PAGE 12

PAGE 13

’ Comment 14

See previous notes.

PAGE 14




RUBRIC: NEW BACHELOR'S RUBRIC 0/0

LITERATURE 0/0

Engagement with literature (including reading, referencing, academic conventions and academic honesty)

FAIL 0-29% Little or no evidence of reading. Views and findings unsupported and non-
() authoritative. Referencing conventions largely ignored.

UNSATISFACTORY  Poor engagement with essential reading. No evidence of wider reading. Reliance on
30-39% inappropriate sources, and/or indiscriminate use of sources. Heavily reliant on
) information gained through class contact. Inconsistent and weak use of referencing.

SATISFACTORY 40- Engagement with a limited range of mostly relevant and credible sources but with

49% some reliance on information gained through class contact. Some omissions and

0) minor errors. Referencing conventions evident though not always applied accurately
or consistently.

GOOD 50-59% Engagement with an appropriate range of literature, including sources retrieved
) independently. Some over-reliance on texts rather than other sources. Referencing
may show minor inaccuracies or inconsistencies.

VERY GOOD 60-69% Engagement with a wide range of literature, including sources retrieved independently.
(0) Selection of relevant and credible sources. Generally sound referencing, with no/very
few inaccuracies or inconsistencies.

EXCELLENT 70-79% Engagement with an extensive range of relevant and credible literature. Consistently
0) accurate application of referencing.

EXCEPTIONAL 80-  Exceptional engagement with an extensive range of relevant and credible literature.
100% High-level referencing skills consistently applied.

©)

K&U 0/0

Knowledge and understanding (Knowledge of the basic underlying concepts and principles of a subject.)

FAIL 0-29% Major gaps in knowledge and understanding of the basic underlying concepts and
0) principles of the subject matter. Inclusion of irrelevant material. Substantial
inaccuracies.

UNSATISFACTORY  Gaps in knowledge of the basic underlying concepts and principles, with flawed or
30-39% superficial understanding. Some significant inaccuracies and/or irrelevant material.

©)

SATISFACTORY 40- Limited knowledge and understanding of the basic underlying concepts and principles

49% within the subject area. Some elements may be missing.

0)

GOOD 50-59% Knowledge of the basic underlying concepts and principles is accurate with a good
) understanding of the field of study but lacks depth and/or breadth.

VERY GOOD 60-69% Competent knowledge of the basic underlying concepts and principles. Exhibits very
) good understanding.



EXCELLENT 70-79% Excellent knowledge and understanding of the basic underlying concepts and
0) principles of the subject.

EXCEPTIONAL 80-  Exceptional, detailed knowledge and understanding of the basic underlying concepts

100% and principles.
0)

COGNITIVE 0/0

Cognitive and intellectual skills (Evaluate underlying concepts and principles of a subject and interpret
qualitative and quantitative data in order to develop lines of argument and make sound judgements.)

FAIL 0-29% Wholly or almost wholly descriptive work. Little or no evaluation of the underlying
0) concepts and principles. Failure to develop arguments, leading to illogical or invalid
judgements. Minimal or no use of evidence to back up views.

UNSATISFACTORY  Largely descriptive work, with superficial evaluation of the underlying concepts and

30-39% principles. Weak interpretation of data, flawed development of arguments and

0) judgements. Information accepted uncritically, uses generalised statements made with
scant evidence and unsubstantiated opinions. Ideas sometimes illogical and
contradictory.

SATISFACTORY 40- Limited attempt at evaluation of the underlying concepts and principles, tending

49% towards description. Can interpret qualitative and quantitative data but with some

) errors. Some evidence to support emerging arguments and judgements but these may
be underdeveloped or with a little inconsistency / mis-interpretation.

GOOD 50-59% Good evaluation of the underlying concepts and principles. Can interpret qualitative
0) and quantitative data, with minor errors. An emerging ability to use evidence to
support the argument. Mostly valid arguments and logical judgements.

VERY GOOD 60-69% Sound evaluation of the underlying concepts and principles. Can interpret qualitative
0) and quantitative data accurately. Ability to devise arguments using evidence to make
mostly appropriate and valid judgements.

EXCELLENT 70-79% Excellent evaluation of the underlying concepts and principles. Can interpret
) qualitative and quantitative data accurately and with some insight. Excellent ability to
devise arguments using evidence and make appropriate and valid judgements.

EXCEPTIONAL 80-  Exceptional evaluation of the underlying concepts and principles based evidence.

100% Outstanding interpretation of qualitative and quantitative data. Exceptional ability to
) devise arguments using evidence and make wholly appropriate and valid judgements.
PRACT ICAL 0/0

Practical skills (Different approaches to solving problems in particular contexts.)

FAIL 0-29% Limited or no use of taught, basic methods, materials, tools and/or techniques. Little
0) or no appreciation of the context of the application. Very weak evidence of different
approaches to problem-solving in particular contexts.



UNSATISFACTORY  Rudimentary application of taught, basic methods, materials, tools and/or techniques

30-39% but without consideration and competence. Flawed appreciation of the context of the
0) application. Weak evidence of different approaches to problem-solving in particular
contexts.

SATISFACTORY 40- An adequate awareness and mostly appropriate application of basic methods,

49% materials, tools and/or techniques. Basic appreciation of the context of the

) application. Can identify problems in particular contexts and propose basic alternative
approaches or solutions though there may be errors.

GOOD 50-59% A good and appropriate application of basic methods, materials, tools and/or

) techniques. Clear appreciation of the context of the application. Good evidence of
different approaches to problem-solving in particular contexts and proposes mostly
appropriate solutions.

VERY GOOD 60-69% A very good application of a range of basic methods, materials, tools and/or

) techniques. Very good consideration of the context of the application. Very good
evidence of different approaches to problem-solving in particular contexts and
proposes appropriate solutions.

EXCELLENT 70-79% An advanced application of a range of taught, basic methods, materials, tools and/or

) techniques. The context of the application is well considered, and insightful. Excellent
evidence of different approaches to problem-solving in particular contexts and
proposes appropriate solutions.

EXCEPTIONAL 80-  Exceptional levels of application and deployment skills in particular practical contexts.

100% Outstanding identification of problems in particular contexts and formulation of
) wholly appropriate, thoughtful solutions / different approaches.
SKILLS PROF P 0/0

Transferable skills for life and professional practice (Communicate the results of their study/work
accurately and reliably, and with structured and coherent arguments; the qualities needed for employment
requiring the exercise of some personal responsibility within a structured and managed environment.)

FAIL 0-29% Work is poorly structured, disorganised, inaccurate and/or confusingly expressed.

0) Very weak use of language and/or very inappropriate style. Failure to work effectively
individual or as part of a group. Little or no evidence of the skills for employment
requiring the exercise of some personal responsibility.

UNSATISFACTORY  Work is poorly presented in a disjointed manner. It is loosely, and at times

30-39% incoherently, structured, with information and ideas often poorly expressed. Weak

0) use of language and/or inappropriate style. Flawed approach to individual or group
work, meeting only partial obligations to others. Limited evidence of the skills for
employment requiring the exercise of some personal responsibility.

SATISFACTORY 40- Mostly ordered presentation and structure in which relevant ideas / concepts are

49% reasonably expressed. Work may lack coherence and/or accuracy in places. Can work

) as part of a group, meeting most obligations to others but perhaps with limited
involvement in group activities. Demonstrates the basic skills for employment
requiring the exercise of some personal responsibility, with some areas of minor
weakness.



GOOD 50-59%
)

Mostly coherent, organised and accurate work, in a suitable structure and is for the
most part clearly expressed. Can work effectively independently and/or as part of a
team, with clear contribution to group activities. Demonstrates the skills for
employment requiring the exercise of some personal responsibility, with some areas
of strength and some of minor weakness.

VERY GOOD 60-69% Work is accurate, coherent, fluent, well-structured and organised. Can work

©)

EXCELLENT 70-79%
©)

EXCEPTIONAL 80-
100%

©)

effectively independently and/or as part of a team, with very good contribution to
group activities. Demonstrates very good skills for employment requiring the exercise
of some personal responsibility, with just occasional minor weakness.

Work is coherent, very fluent and is presented professionally. Can work effectively
independently and/or as part of a team, with an excellent contribution to group
activities. Demonstrates excellent skills for employment requiring the exercise of
some personal responsibility with an appetite for further development.

Work is accurate, exceptionally coherent, very fluent and presented well. Can work
effectively independently and/or as part of a team, with an exceptional contribution to
group activities. Demonstrates exceptional skills for employment requiring the
exercise of some personal responsibility with an appetite for further development.
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