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Our	  work	  package	  

High	  fidelity	  models	  
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BaHery	  Model	  

•  Linear	  Parameter-‐Varying	  

•  State	  of	  charge:	  

•  State	  of	  health:	  

	  



Op1mal	  Es1mators	  

‘real’ cell  
with  

noise model 
3 nonlinear optimal 

estimators 
compare results 
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What we still need to do 
•  Compare to high fidelity models or data 
 
What we need 
•  Validation data 
•  Models of ageing 
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Modeling	  –	  Bond	  graphs	  

•  Energy	  based	  modeling	  

•  Describes	  power	  
interchange	  between	  
systems	  as	  effort	  and	  
flow	  

•  Mul=disciplinary	  
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Modeling	  –	  Bond	  graphs	  
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The drive system (downstream of the DC bus) is an electric machine coupled with power 
electronics (INV). Similar to Figure 6, the energy path from the electrical grid has also been omitted 
for consistency. 

5. Optimizer Development 

The MPS is the backbone of this investigation, and when coupled with an optimizer, forms the 
framework that underscores the novelty of this paper. The relationship between the MPS and the 
optimizer was shown in Figure 4. The MPS facilitates switchable powertrain architecture during the 
optimization, and for this investigation, it is capable of switching between three variants of powertrain 
architecture as shown in Table 4. 

Table 4. Powertrain architectures simulated by model framework. 

Component Single power source Series hybrid 
Architecture Type Conventional (Variant 1) EV (Variant 2) PHEV (Variant 3) 

Energy converter #1 ICE EM EM 
Energy storage #1 Fuel tank Battery Battery 

Energy converter #2 - - APU 
Energy storage #2 - - Fuel tank 

Reference Figure 5 Figure 6 Figure 7 

The key feature of the MPS is the layout of the powertrain component placeholders, which can be 
seen in the high-level block diagram in Figure 8. This feature allows permutations of different energy 
converters and energy storages. This was made possible by having a clear distinction between the 
energy storage and energy converter, as discussed in the previous section, as well as the power 
transformer (consisting transmission/gearbox). The full implementation of the MPS in Simulink can be 
seen in Appendix A3, Figure A2. 

Figure 8. High-level block diagram for layout of the powertrain component placeholders 
in the modular powertrain structure (MPS). 

 

Example	  -‐	  modular	  powertrain	  structure	  



BaHery	  Sizing	  

How	  does	  baWery	  size	  affect	  the	  following?	  

•  CO2	  emissions	  

•  BaWery	  cost	  –	  per	  km	  of	  useful	  life.	  

•  Lifespan	  



BaHery	  Sizing	  

•  If	  baWery	  is	  too	  small	  =>	  less	  efficient	  

•  Weight	  is	  only	  important	  when	  very	  large	  

•  Low	  CO2	  emissions	  &	  good	  value	  go	  together	  

	  
•  Depends	  on	  our	  assump1ons!	  
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Could	  supercaps	  help?	  

The World Electric Vehicle Journal, Vol 2, Issue 2 
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current Ileak, while the capacitance C diminishes. 
This process is not identical for each cell, so when 
various cells are connected in series, differences in cell 
voltage (caused by the differences in the equivalent 
series resistance) and state of charge (caused by the 
differences in self discharge rate due to the differences 
in the equivalent parallel resistance) surface. This 
effect emphasizes the need for a cell balancing system 
[8, 10].

	������� ��������� ����������� ���� �� ������%��� ���
passive or active. With passive voltage balancing the 
voltage difference of every cell is instantaneously 
balanced, which causes high power losses. Active 
voltage balancing normally is implemented by using a 
controller with an individual charging system.

There are two passive voltage balancing concepts 
 �������������������������������"�%!��������������������
voltage balancing. Fixed voltage balancing switches a 
resistor parallel to the supercapacitor cell on when a 
upper threshold voltage is reached and opens the circuit 
when a lower voltage threshold is reached. Differential 
voltage balancing also works with a parallel resistor, 
but will compare a cell’s voltage to that of its neighbors, 
discharging the cell over the parallel resistor when the 
difference becomes too big.

Bohlen et al. found a 180% increase in life expectancy 
�������� ������������ ��������������������������%�����"�
 ���� ������ �� %!��� �������� ��������� �����������
model. Differential voltage balancing does not protect 
the weakest cell from harmful voltage stress (it only 
balances the time average of the cell voltages). The 
simulation model thus showed a lower increase in life 
expectancy for the weakest cell (60%) together with 
�� ������� ��������� ��� ��%�����"���� ������ ������� ����
operational voltage scope of a differential balancing 
�"����� ��� ����� ������� ����� ����� ��� �� %!��� ��������
balancing system, it is able to balance cells at lower 
voltages and thus allows the system to operate before 
a critical cell condition is reached while also reducing 
the losses. With this in mind the differential voltage 
����������"�����������������������%������

Other, more elaborate, passive balancing systems 
can incorporate threshold voltage temperature 
compensation, eliminate the balancing systems 
activation during short voltage spikes at the end of 
charging in some applications and predictive balancing 
[8].

5.  SYSTEM DESIGN AND INTEGRATION

When dimensioning and integrating a supercapacitor 
����� ��� �� ����� ���� %���� ����������������  ���� �������

��� ������������ ������������"����� �����%���������������
 ���� �� ����������� ��� ������ ��� ��%�����"�� �� ��� ����
�����"������%��������������������������"������������
strategy, cost, lifetime and safety guaranties and will 
��%������������ ����"������������������%���������������
Designing a hybrid power system is thus often an 
iterative process adjusting the parameters, that 
���������"����������������#���$�%���������

There are several ways to integrate supercapacitors 
into an electric power system. Two of them will be 
compared in practical examples to illustrate the effect 
of one or both combinations (displayed in Figures 
4 and 5). One topology, as displayed in Figure 4, can 
incorporate a DC/DC converter. This will allow to vary 
the voltage over the supercapacitor pack independently 
of the battery DC-busvoltage.

Figure 4: Propulsion system with
DC/DC converter

Figure 5: Propulsion system without
DC/DC converter

6.  ELECTRIC KART BASED TEST SYSTEM

�����%���� ��������������������������������������� 
����
electric kart with preservation of the electric power 
system, as displayed in Figures 5 and 6. The karts 
were initially dimensioned with only batteries in 
mind. The energy to propel the kart is supplied by 
four VRLA batteries [12] (each 12.8V and C5=55Ah). A 
current controlled DC/DC converter [13] is positioned 
between the batteries and the electric motor to regulate 
vehicle power. The controller also enables regenerative 
����������������"�����&� �����������������"�����������
for recuperation.
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Price per km  
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The plot Figure 37 is exactly the same than the Figure 36 but in a different 

representation. The area left hand side to the green limit corresponds to the 

possible super-capacitor pack configuration where the cost per kilometre will be 

reduced compared to the initial one. We can notice for instance that both pack 

configurations 4 times 32 and 8 times 16 that optimize the battery lifespan are 

not optimal in terms of price since they tend to increase the running cost (right 

hand side of the green line) of the vehicle. 

 

 

 

 

 

 

 

 

 

 

6.2.3 Final comment 

By analysing the previous results we understand that improving the battery 

health is going to be a trade-off between all the other vehicle parameters. But 

the last results of cost are quite clear: improving the battery Lifespan without 

compromising the price and the range of the vehicle is not going to be an easy 

task at least in our vehicle configuration. In addition the cost evaluation 

performed   previously   is   quite   optimistic   in   the   sense   that   it   doesn’t   take   into  

account the additional price of the DC/DC converter neither the cost of the 

development of such a system. 

Figure 37: Cost restriction area 

Area to choose from  
(outside this, there is always 
a cheaper vehicle) 



With	  Parallel	  Supercapacitors	  

With 4 x 23 supercapacitor array (example) 
 
•  Absolute cost: $1600 more 
•  CO2 emissions only slightly worse 
•  Battery lifespan 20 000 km better	
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Electric	  machine	  degrada1on	  

Faults we are considering 
	  
	  
Stator	  faults	  –	  opening/shor=ng	  of	  
stator	  windings	  
• 	  can	  be	  one	  winding	  or	  several	  
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What	  we	  s1ll	  need	  to	  do	  
• 	  Analyse	  frequency	  signature	  
• 	  Determine	  how	  faults	  and	  aging	  relate	  	  

What	  we	  need	  
• 	  Theory	  of	  how	  faults	  relate	  to	  aging	  
• 	  Access	  to	  training	  data	  
• 	  Experimental	  valida=on	  of	  fault	  modes	  	  
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HIL implementation 
 
•  Export algorithms 

•  Model/simulate ageing? 

•  Tests with a real cell and/or 
motor 
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