TSFS03: Hand-in 2, Tutorial 1

The following are prerequisites for Hand-in 2:
· Chapters 1-4 and Appendix III in the Vehicle Propulsion Systems book. 
· Case study 2 in the Vehicle Propulsion Systems book.

In the previous assignment, we calculated forces, torques and fuel consumptions as average properties over a drive cycle. Averaging is a good approximation when vehicles are restricted to a single power source. It is not appropriate for hybrid vehicles.
For pure internal combustion and battery vehicles, all energy required to follow the drive cycle is taken from the main onboard energy storage, either fuel tank or battery. For hybrid vehicles, there is no easy solution as to where energy should be taken. Consider the schematic of a parallel hybrid below.
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The drive cycle requires a certain energy from the wheel, which in turn requires a certain energy from the gearbox. After that, there is a summation (which in reality is a mechanical axle) and ambiguity follows in how much energy should be supplied from each branch. The goal of assignment 2 is to use dynamic programming to decide how to split the energy requirement on battery and engine branches.
A question arises then: what variables in the powertrain are we allowed to control?
In actual vehicles, in a physically accurate sense, the torque is supplied from each branch according to a torque split. If we, or rather, the powertrain control system, decides that 70 % of the required torque is to be delivered from the electric motor, then there is no ambiguity left. We can calculate the remaining torque that the internal combustion engine must supply.
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Note that the electric motor torque may be negative if we want to charge the battery.
Now, knowing that 70 % of the torque is to be supplied by the electric motor, we can calculate how much current that requires given a battery voltage, and in turn, calculate how much energy is lost (or recuperated) in the battery.
How to we keep track of battery energy? The state of charge is the percentage of battery capacity remaining. The charge of the battery is how much energy the battery contains in Coulomb, at the current point in time. Dividing the battery charge with the battery charge at 100 % capacity gives us the state of charge (It is typically denoted by , but we will use the acronym “SoC” instead)

If we want to consider changes in the state of charge, we must consider battery charges at two separate points in time

If the time points  and  are close, a reasonable approximation to the time derivative of  is

This is useful since the battery current is equal to the negative time derivative of charge.

So, if we know , we may calculate the resulting battery current. Through the battery current and a suitable battery model we may then calculate the battery power. 
Of course, the approximation is only valid if the time interval is small. The drive cycles we work with in this course are partitioned in one second intervals, which we assume to be sufficient. We can call the intervals , where the counting variable  goes from 1 to , the number of seconds in the drive cycle.
Using the torque split as input variable is one approach, but it is not what we will work with in assignment 2. We will make a slight deviation: instead of having the torque split as an input, we will work directly with changes in battery state of charge, .
In the same way we can decide the torque split fraction and then calculate what happens to the battery, we may also decide what happens to the battery and then calculate the resulting torque split. It’s simply solving an equation by rearranging variables. This approach has some benefits, as we are much more familiar with state of charge than torque splits. Look at your phone, for example. The battery percentage is the phone’s own estimation of its state of charge. 
For each time interval, we may assume the velocities  and , and the selected gear  and  are known.
 We assume also that the change in state of charge is known (since we are considering it as an input to the vehicle model, according to the reasoning above). That is, the quantity,

is known.
The goal is now to calculate the fuel consumption of the internal combustion engine, during the interval . We will do so by wandering “upstream” from the wheel to the summation point, and then “downstream” from the battery to the summation point, and then from the summation point “upstream” again to the internal combustion engine, and finally the fuel tank.
For simpler exposition, in the following text it is implied by the language that energy is only transferred in one direction. We say only “energy required”, and not “energy required and or produced”, as would be technically correct but tedious to read. It is however necessary to consider energy transfer in both directions at interfaces indicated by the double arrows in the schematic above.
For some components there is ambiguity in where the power is “located”. For example, consider the gearbox. Is the “gearbox power” supposed to lie before (electric machine side) or after (wheel side) the gearbox itself? In the end, this distinction doesn’t matter, and you may choose as you like, as long as all components and their corresponding functions/losses are accounted for and connected in a mechanically correct way.
For the following exercises, consider an arbitrary time interval . 

Exercise 1 (Solved). What is the equation for mechanical energy required by wheel?  
We use Newton’s second law on the vehicle (for a flat road), considering the tractive, air drag, and rolling resistance forces:

If we rearrange this equation we find the tractive force, ,

We are interested in the energy during the interval, so we should use average (mean) velocities

The vehicle acceleration can be approximated, as we did with the time derivative of battery charge:

The resistive forces are as usual,

and

The power required by the wheel is

Energy is power over time, and since we’re considering time intervals of one second, it follows that 

In the calculation of tractive force, we considered only vehicle mass as a single inertial component. There is also the rotational inertia in the wheels, which we can include as an additional, “fictitious” mass, as follows


Exercise 2. What is the equation for energy required by the gearbox? Continue as in Task 1. How is the angular velocity of the wheel related to the vehicle speed?
Note: The gearbox suffers power losses through a constant efficiency. If the energy required at the wheel is 10 kJ, the energy required before the gearbox should be greater than that. Otherwise, energy has been created somehow. On the other hand, if the energy required at the wheel is -10 kJ, that is, the vehicle is in recuperation mode, the energy at the gearbox needs to be less (in absolute terms, closer to zero). Otherwise, we would recuperate more energy than is produced by the wheel. A useful mathematical tool to describe this relationship is raising the efficiency to the power of a sign-function, i.e.,


Exercise 3. Following a change in SoC, what is the equation for energy produced by the battery?
Note: Here we start walking “downstream” from the battery. Use the equivalent circuit model with internal resistance from the course literature. It’s useful to remember that electrical power is

The open circuit voltage is considered to be a known parameter (check the parameter table). In a more realistic model, the open circuit voltage would change as a function of battery charge (among perhaps other things), but since our hybrid vehicles are going to hover around 50 % SoC, it suffices to assume that the open circuit voltage is constant.

Exercise 4. What is the equation for mechanical energy produced by the electric machine? How is the electric machine angular velocity related to the angular velocity of the wheel?
Note:  As with the gearbox, we have some constant efficiency in the electric machine and need to consider the direction of power transfer. 

Exercise 5. What is the equation for energy required by the engine? 
Note: We have calculated the energy produced by the electric machine, and the energy required from the gearbox. Whatever remains must be delivered by the internal combustion engine. It’s important to remember that while internal combustion engines cannot recuperate energy in the form of fuel, they can produce negative energy when engine braking.

Exercise 6. What is the equation for engine torque? 
Note: What is the relation between energy, power, and torque? 

Exercise 7. What is the equation for consumed fuel?
Note: The equation for fuel consumption uses the engine torque that was calculated in the previous task. If you haven’t already, go through Case study 2 from the course book. A suitable equation for fuel consumption, given engine torque, is provided there.

Exercise 8. Repeat tasks 1-7 (with appropriate changes) for the series hybrid configuration shown below.
Note: Here, the internal combustion engine is no longer mechanically connected to the road. The combustion engine angular velocity is therefore considered as an input, a variable that we may control as we like. So for the series hybrid configuration below, we have two inputs, change in SoC and the combustion engine angular velocity.
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