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[bookmark: _Toc36440088]Introduction
This report will investigate the operation of hybrid electric systems and how their operation. A duty cycle for an off-road buggy will be used to specify each power requirement to travel around a track. From these power requirements, a series hybrid system will be specified including final drive, motor and controller, battery cell, power usage controller, generator and internal combustion engine plus a costing for each item. 






[bookmark: _Toc36440089]Series Hybrid Systems
Vehicles fitted with internal combustion engines (ICE) provide good performance and offer a long operation life with a long operation range, this is done using petroleum fuels. An ICE vehicle has a major disadvantage of poor fuel economy and emitting pollution to the atmosphere, this is due to many to their engine efficiency which is mismatched with the operational requirements and the dissipation of vehicle kinetic energy during braking. Battery electric-powered vehicles (EV) offer advantages over ICE vehicles including high efficiency and zero pollution, however, the operation range of the battery per charge is much lower than an ICE vehicle. Hybrid electric vehicles (HEV) us two power sources this is to utilize the advantages of ICE and EV, with the reduced emission and increased efficiency from the EV system and the long operation range from the ICE system. The architecture of a hybrid system defines the connection between the power sources, components and energy flow routes. HEV is split into two types series and parallel. However due to the development of the HEV system, there can now be four classification of systems with series-parallel hybrid, and complex hybrid now being used however these two systems are less commonly used. (Ehsani, et al., 2005) (Mi & Masrur, 2018)
[bookmark: _Toc36440090]Why is there a need for Hybrid Vehicles?
Hybrid powered vehicles have increased importance due to the legislation restricting the manufacturing of automotive vehicle emissions and the use of crude oil. Data has shown that the discovery of oil reserves occurs slowly and difficult, however, the consumption shows a high growth rate. The transport sector is the primary user pf petroleum, consuming 49% of the oil used in the world. Improving the fuel economy of automotive vehicles has a key impact on oil supply and the amount of emissions polluted into the atmosphere. Hybrid technology has allowed for hybrid electric vehicles to become a common solution. Hybrid vehicles use an internal combustion engine (ICE) as the main source of power, with Batteries and a motor for producing drive power for the vehicle. This hybrid system has a much higher operation efficiency than a vehicle just powered by an ICE, with hybrid vehicles being up to 25% more efficient. (Ehsani, et al., 2005) (Roos, 2010) (Mi & Masrur, 2018)
[bookmark: _Toc36440091]Parallel Hybrid Electric System 
A parallel hybrid system uses a mechanical drive from the ICE directly to the wheels via a gearbox. The electric motor is attached mechanically to the gearbox of the vehicle, the motor and the ICE are joined to provide power through the gearbox to the wheels. This layout of the motor and ICE allows for multiple arrangements. (Ehsani, et al., 2005) (Mi & Masrur, 2018)









[bookmark: _Toc36440092]Series Hybrid Electric System 
A series hybrid system consists of a drive train where two power sources are used to feed a single power unit. The most common series hybrid uses an ICE with an electronic converter (dc/dc converter), the converter is used to charge batteries from the ICE power. With the use of a controller, a motor can be used as either a traction motor or generator, the generator works by recovering energy whilst the vehicle is braking. The series hybrid system has many advantages with the engine being completely detached from the drive train means that it can be operated at its optimum speed/torque so it can generate power within its maximum efficiency range. This allows for better fuel consumption and less pollution production; this cannot be achieved with a parallel hybrid electric system. Electric motors have a very efficient torque/speed production, an electric motor also removes the need for a gearbox to control the speed of the vehicle as this can be controlled by the motor speed. This gives a cost and weight saving when compared to an ICE vehicle or parallel hybrid system. Series hybrid system does have more loses than a parallel system due to the energy from the engine being converted twice from mechanical to electrical then back to mechanical to power the wheel, this results in bigger efficiency losses. (Ehsani, et al., 2005) (Mi & Masrur, 2018)
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For a series hybrid version of an off-road buggy, the drivetrain needs to be considered in detail with an internal combustion engine, generator, energy storage device, motor and controller and a specified final drive solution. These should be calculated using the power requirement calculated from the duty cycle for the off-road buggy and the efficiency losses are taken into consideration. 
[bookmark: _Toc36440094]Final Drive Solution
The system uses a chain and gear drive to connect the rear axle to the motor similar design of motorbikes and ATVs of similar power specifications. To calculate the final drive first the Rolling Circumference and wheel rpm must be calculated. 
[bookmark: _Toc26753538][bookmark: _Toc36440095]Rolling Circumference


(x engineer, 2019)
Rolling Circumference - 2.01m
Maximum Velocity – 24 m/sec
Wheel RPM Calculation

Wheel RPM – 716 
The motors peak operating rpm must be used when calculating the final drive of the buggy, the rpm of the wheel along with the motor gives us the required final drive. 
Motor RPM Peak Efficiency - 3400 RPM


According to Sinha, a chain drive has an efficiency loss of 3%, the buggy has a peak power requirement of 8745 W, therefore the required power for the motor can be calculated. (Sinha, 2017)



[bookmark: _Toc36440096]Motor & Controller
The motor needs to fulfil the requirement from the duty cycle for the off-road buggy. The motor must be able to provide enough power to overcome all resistive forces and efficiency losses of the system. The motor which has been selected is the HPEVS AC-20, this provides a continuous output of 11.9 kW which is enough to power the buggies requirement from the duty cycle, the larger size of the motor helps compensate for the efficiency losses calculated. The motor has a larger peak power output than is required for the bug however this would be beneficial as the use of peak power output will reduce the power in the batteries quicker. The motor operating continuously in its continuous power range where the efficiency losses are the smaller which means the buggy will be able to travel a greater distance on the batteries charge. The motor specification is detailed below. (HPEVS, 2020)
· Voltage – 36v
· Current – 350 Amp
· Efficiency Peak – 94.3%
· No Peak – 11.6 @ 34v
· No Continuous – 10 @ 33v
· RPM Peak – 4700
· RPM Continuous – 3000
· Torgue – 40.27 lbs-ft @ 0 RPM
· Motor Weight – 27.2 Kg
The requirement for the motor was a peak power of 9003.35 W and the motor produces a conscious 10 W which meets the requirement. 
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[bookmark: _Toc36439975]Figure 1- HPEVS AC-20 Power Graph (HPEVS, 2020)
The controller being used is a Curtis 1236SE-6521 which has a voltage peak 48V and a current of 600 amps. (HPEVS, 2020) The motor and controller have a combined efficiency of 89%. (Electric Motorsport , 2020)



[bookmark: _Toc36440097]Battery Energy Storage
They require a peak voltage of 36 volts and a maximum current of 350 amps. Therefore the GBS 3.2V 40amp LFMP40AH Single Cell has been chosen, the battery pack will consist of 12 of these cells creating a 38.4 v, 480  amp ensuring the battery can always supply enough power for the motor.  The specification for the battery cell is listed below. (Electric Motorsport , 2020)
- Nominal Voltage: 3.2 V
- Nominal Capacity: 40 Ah
- LiFeMnPO4 chemistry
- Operation Voltage Range: 2.8 to 3.6V
- Weight: 1.65 kg
- Dimension: 126x46x190mm
- Max Charging Current: 3C
- Max Discharge Current: 3C (continuous) / 10C (pulsed)
- Cycle Life : >1500 (80%DOD)
- Operating Temperature: -20 to 65 C or -4 to 149 F
- Charging Temperature Range: 0C to 65C
- Discharge Temperature Range: -20C to 65C
- Self Discharge Rate: <3% monthly

[bookmark: _Toc36440098]Power Usage Controller
A controller is required which can support the 12 cells, 38.4v and 480amp of the battery pack. The EMUS BMS G1 Control Unit has been chosen as its specification meets the requirements of the battery pack. The specification can be seen below. (Electric Motorsport, 2020)
	BMS Type
	Distributed with a central control unit

	Cells count
	2÷255

	Cell type
	Any in 2÷5 V range (LiIon, LiPO, LiFePO4, ...) prismatic cells, other custom shapes cell modules available upon request

	Battery pack voltage
	From 4 to 1300 V

	Balancing type
	Dissipative

	Control Unit supply voltage range
	9 – 32 V

	Control Unit consumption
	40 mA average

	Control Unit outputs maximum drive current
	0,5 A

	Control Unit RS232 speed
	57600 bits/s 8N1

	Control Unit CAN speed
	up to 1 Mbps

	Control Unit USB speed
	standard Full Speed

	Control Unit dimensions
	95 x 50 x 30 mm

	Cell Module voltage range
	2÷5 V

	Cell Module consumption
	0,5 mA average, 8 mA peaks

	Cell module shunt resistor
	2,7 Ohm 5W

	Cell Module maximum balancing current
	1.5 A

	Cell Module voltage measurement accuracy
	+/- 0,01V

	Cell Module temperature measurement accuracy
	+/- 5ºC

	Cell Module communication speed
	~2,3 ms per cell, allows receiving 45 cells parameters information in approx. 0,1 second

	Cell Module dimensions
	50 x 30 x 17 mm



The efficiency of the controller is 95% this is used to calculate the power required for the generator to produce. 



[bookmark: _Toc36440099]Generator
The generator which has been chosen for the system is the Bosch Separate Motor-Generator (SMG 280/200). This is a traction motor that converts mechanical energy to electrical energy, the SMG charges the Battery. The specification meets the requirement of the hybrid system for the off-road buggy the specification can be seen below. (Bosch, 2020)
240 kW Constant 
410 Nm Constant 
92% Efficiency 
The efficiency of the Generator is 92% this is used to calculate the power required for the ICE to produce. 


[bookmark: _Toc36440100]Internal Combustion Engine
The combustion engine which is required to charge the batteries has been chosen to be the Briggs & Stratton Vanguard 627cc 21 Gross HP V-Twin. This engine produces 21 horsepower when they require 11332.87w is converted to horsepower 15.5 HP is required for the system. The option for ICE engines to fit the requirement is limited therefore a 21 Hp engine has been chosen as it best fits the requirement. The specification for the engine is listed below. (Power Equipment Direct, 2020)
[bookmark: _Toc36440101]Cost
The client who required a series hybrid system frothier fleet of off-road buggies requested a costing of the components required to create a hybrid system, these can be broken down a seen below. 
Motor - $3709.01 (Electric Classic Cars, 2020)
Motor Controller - $1164.99 (Evolve Electronics , 2020)
Battery Cells - $1092 (Electric Motorsport , 2020)
Power Usage Controller - $387 (Electric Motorsport, 2020)
Generator - $2500 (Estimate)
Internal Combustion Engine - $1788.99 (Power Equipment Direct, 2020)







[bookmark: _Toc36440102]Conclusion 
The duty cycle which was created for the off-road buggy has allowed for an accurate series hybrid system to be calculated with a specification being created which could be used for implementation on off-road buggies for the duty cycle specified. The top speed from the duty cycle allowed for an accurate final drive to be specified. The maximum power required allowed each component of the series hybrid system to be specified accurately, the efficiency of each component meant that any losses could be accounted for and this means components have accurate power output requirements. Costing has been created for all the components for the system, along with the power requirements this report can be used as a complete specification to convert the buggies to a series hybrid system. 
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