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Introduction
The company which previously asked for a generated duty cycle for an off-road vehicle now want to produce a series hybrid version of the Polaris RZR 170 buggy. To successfully complete this task alternative series hybrid technology must be researched, this will cover an internal combustion engine, generator, motor and controller, energy storage device and controller, and a final drive solution, along with recommendations and costings. The suitability of components will be decided based on the previous duty cycle analysis results.

Research
Series Hybrid System
In a series hybrid system a generator is driven by the combustion engine and provides energy which is supplemented using an energy storage unit, rather than the engine driving the wheels directly. Connected to the drive shaft or integrated in to the electric axles is the electric traction motor, this is what drives the vehicle. Electric motors work over a wide speed range and therefore there is no need for transmission to switch gears. The electric drive motor is fed from two places, either the generator or the energy storage unit, the hybrid control system will then decide during the vehicles driving phase from where the energy is supplied. No traction power is needed during the coasting, braking, and stand-still phases of the vehicle, this means the combustion engine will shut down and the auxiliaries will continue to operate efficiently using the energy stored in the unit. The combustion engine will begin running again, started by the generator when the hybrid control system decides the vehicle needs more power.
Brushless vs Brushed Motors
Construction – The purpose of the brushes is to deliver current to the windings through commutator contacts, the difference with a brushless motor is it doesn’t include any commutators in order to carry the current, instead an amplifier switches the motor on when it is triggered using an optical encoder. The windings of the motor are also connected to different parts, on the stator for the brushless motor (stationary) and the rotor for the brush motor (rotating). The purpose and need of the brushes is irrelevant if the windings are positioned on the stator.
	Brushed Motor Advantages
	Brushed Motor Disadvantages
	Brushless Motor Advantages
	Brushless Motor Disadvantages

	Simplified Wiring (directly to DC power, easy control switch).
	Noisy (electrically) – electromagnetic noise caused due to the constant creating and breaking of inductive circuits.
	Low Maintenance – has no brushes to be replaced.
	High Price – needs a controller/driver and a commutating device, such as an encoder.

	Low Cost 
	Less Efficient (75 - 80%)
	High Efficiency (85 - 90%)
	1. 

	2. 
	Lifespan – brushes and commutators wear due to physical contact with shaft.
	Lifespan – has no brushes that would eventually wear out.
	3. 



From the table above we can see that both brushed and brushless motors are suitable. Although there are more advantages using a brushless motor, with a very important factor being the motors superior efficiency (by a minimum and maximum of 5 and 15 percent), the motor may be more expensive, but when considering that it eliminates the replacement of parts, and its longer lifespan, it would save costs in the long term. 

Technology Review
Engine Specification
	Engine Type
	4 stroke; 2 valve

	Displacement (cc)
	169

	Cooling
	Forced Air Fan

	Fuel (gal/L)
	2.5/9.4

	Start
	Electric Key

	Transmission
	Fully Auto CVT (with reverse)



Vehicle Specification – Polaris RZR 170 
	Drive-Train
	Primary Drive Type CVT (Front Suspension)

	Weight of vehicle (including fuel) - kg
	227

	Weight of vehicle – 227 (including weight of 2 persons) - kg
	227 + 160 = 387

	Average Power - converted to kW
	4.87 (rounded to three significant figures)

	Max Power – converted to kW
	16.2 (rounded to three significant figures)



These specifications will be used to decide on the system chosen. 
Chosen Solution
As the engine already mounted to the buggy is small, produces an average power of 4.87kw, and is low on emissions there was no need to replace the engine, other alternatives were looked at but it is unnecessary to change as it would just be less cost effective and the vehicles engine is already suitable.
While researching what motor would be suitable for the series hybrid system, many of the vehicle and engine specification must be considered. Many motors were looked at and analysed to ensure the most suitable choice was made. After thorough research the PMAC 12KW continuous/30kw peak Liquid Cooled Motor Drive System 48V 650A was chosen. There are many reasons this specific motor system was chosen, the first was its continuous and peak kw values as it meets the current engine specification, with the engines continuous kw value of 4.87 and the peak value of 16.2. Additional to this the system also includes an advanced controller, the Sevcon Gen4, and is a compact, and sealed liquid-cooled motor. 
‘A feature that can't be overlooked is the support of regenerative energy recovery (regenerative braking). This means that the system can recapture kinetic energy by essentially turning itself into a generator to help recharge the battery pack while slowing down or braking.’
This system includes:
· Gen4 Controller
· Brushless liquid-cooled motor
· Contactor
· Choice of throttle
· Ignition Key
· Forward/Reverse switch
· Emergency stop button
· Fuses
· Wiring harness
When looking at this we can see that this system is equipped with many of the other features that are required, this makes researching controllers and contactors unnecessary as the system already includes ones which meet the engine and vehicle specification. The motor and the controller support regenerative energy recovery, this means there is also no need to purchase a generator. An additional motor that will be used is the DLC-20 brushless 12kw cont. /30kw peak liquid cooled.
Motor Specification
- 4 pole motor (8 magnets). 
- Phase to Phase winding resistance is 0.065 Ohms with 20 turns per phase. 
- Maximum recommended rotor speed: 6500 RPM 
- Voltage: 0 to 72 VDC input to the control 
- Torque constant of 0.12 Nm per Amp
- The Inductance Phase to Phase is 0.05 Milli-Henry
- Armature Inertia: 45 Kg Cm Squared 
- Current: 165 Amps AC continuous (200 Amps DC into the motor control)
- Peak current: 450 Amps AC for 1 minute (620 Amps DC into the motor control) 
- Weight: 35 pounds
- Peak Stall Torque: 75 ft/lb.
Motor Features
Quieter Operation 
Improved durability 
High 92% Efficiency 
Smoother acceleration 
Lighter weight (only 35 lbs.) 
Low torque ripple at low speed
NEW Fully enclosed design
NEW Water cooled stators
NEW Sine/cosine speed sensor 
NEW Anodized aluminium
NEW Protective phase terminals cover 
Final Drive Ratio
Many calculations were made to calculate the final drive ratio, the final drive ratio will also allow us to solve further equations to guarantee the motor is a suitable choice. First our diameter and radius must be converted in to meters.
Wheel Diameter = 12 inches
Wheel Radius = Diameter/2
Wheel Radius = 6 inches = 0.1524 meters
Wheel Diameter = 0.1524 x 2 = 0.3048

The circumference is needed to calculate the RPM of the wheel
Circumference = π x diameter
= π x 0.3048 = 0.9576
Max Velocity/Circumference = revs/sec
7 / 0.9576 = 7.30994152 revs/sec
RPM = revs/sec x 60
RPM of Wheel = 7.30994152 x 60 = 438.6 RPM (1dp)
Now that the RPM of the wheel has been calculated we can find the Drive Ratio, the equation used for this is:
Max RPM of motor / RPM of Wheel = Drive Ratio
6500 / 438.6 = 14.81988144094847
= 14.82 (2dp)
Ratio = 14.82:1

The driving ratio is needed so the torque at the motor of the vehicle can be calculated correctly, the equation for this is:
Torque at Wheel / Drive Ratio = Torque at Motor
First we must calculate the torque at the wheel (Nm), this is done by multiplying the tractive force and the wheel radius. The tractive force was calculated during the previous assignment by subtracting the rolling resistance from the tractive effort.
Torque at Wheel = 1822.3056 x 0.1524 = 277.719373
= 277.72 Nm (2dp).
Torque at Motor = Torque at Wheel / Drive Ratio
= 277.72 / 14.82
= 18.74 Nm (2dp) Torque at Motor.
As the peak stall torque of the motor is 75 lb/ft of torque which when converted equals 101.69 Nm (2dp), this confirms the motor is the correct choice.
Battery
To select a suitable battery we must calculate the vehicles discharge rate in comparison to the discharge rate of the battery.
Battery
Max discharge x capacity 
= 3 x 200 = 600AH (all values were found)
Vehicle
I = Max Power / Battery Voltage
I = 16167.4727 / 96 = 168.40625
From this we can see that the battery chosen is suitable for the vehicles series hybrid system.
The battery chosen is a GBS 96V 100Ah Lithium-Ion Battery pack with EMUS BMS and charger. 
100Ah x 60 x 60 x 96 = 34560 Joules, this is the capacity of the battery.
A graph plotting battery energy against the joules capacity is located below:
[bookmark: _GoBack]
Specifications
- Nominal Voltage: 12.8V (4X 3.2 V)
- Nominal Capacity: 100 Ah
- LiFeMnPO4 chemistry
- Operation Voltage Range: 11.2 to 14.4V
- Weight: 14.5 kg or 31.96 lbs
- Dimension: 140X28072243 mm or 5.51X10.7X9.56 in
- 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
- Self Discharge Rate: <3% monthly
- Accessories included: jumpers, bolts or rivets, washers, split washers and cell covers 
Features
- 10% higher energy density by weight and by volume than Thundersky batteries.
- Superior safety performance due to patented new safety valve and pressure cap designs.
- Safer chemistry minimizes risks of explosion and fire when batteries are shorted or punctured resulting in internal shorts.
- Robust connection due to new electrode terminal design using four rivets or four screws per terminal. This helps prevent loose connections caused by vibration.
- Reduced impedance due to improved electrode terminal design.
- Improved cycle life.
- New cell structure better facilitates BMS integration and battery pack formation, and improves air circulation.

Costings
	Component
	Quantity
	Price

	PMAC 12Kw Cont. Cooled Motor Drive System
	1
	$3,600

	DLC-20 Brushless 12kw liquid cooled PMAC Motor
	1 
	$1,395

	GBS 96V 100Ah Li-Ion Battery Pack
	1
	$5,663.05



From the table above we can see that the total cost of the system would be $10,658.05, this converted in to British sterling is around £7,600. When looking at this price it is obvious that this series hybrid system is extremely cost effective as the Motor drive system included all other components, which bought separately could potentially increase the price by at least 50%.


Conclusion
After re-assessing the report and analysing all factors, it is clear to see that the series hybrid system chosen is successful and will work efficiently when applied to the Polaris RZR 170 buggy, it would increase the efficiency of the vehicle, burning less fuel, and needing less maintenance and repair due to the brushless motor system chosen. Although there is an argument that £7,600 is a large sum of money, in the long term less parts would need replacing, less fuel needed to run the buggy, and as all components such as contactors, generators, controllers and many others are included in the motor system, it would eventually pay for itself. For these reasons I believe the series hybrid system is an effective and improved system for the buggy, and is therefore successful, resulting in the completion of all requirements assigned.
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