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 Fundamental support functions
– Power Steering

– Power Brakes

– Air pressure (heavy vehicles)

– Lighting

– Ventilation

– Suspension

– 12/24 V system

 Comfort function
– Air Conditioning

– Power windows, seats, ...

– Entertainment systems

Auxilliary systems ?
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 Energy consumption and peak power significant
– Sometimes in parity with the tractive energy

 Two distinct goals:
1. Minimize energy consumption

2. Limit peak power

Auxilliary systems cannot be disregarded
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 Technology selection
– Mechanical to electric 

– Pneumatic to electric

– Hydraulic open loop to closed loop

– Hydraulic to electric

– ... to increase efficiency

 Control and scheduling
– Load ”shaving”, e.g.:

 reduce compressor speed at high load, or

– Intelligent use of braking energy, e.g.

 regenerate energy to aux systems like compressor when the bus is braking.

Means ..
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Test vehicle:

EHS



Drive train
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Auxiliary system



Energy balance in the bus

(in average powers)
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Auxiliary system – energy consumption
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Subsystem energy usage, 4 kW
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 Brakes

 Suspension

 Door opening

Air pressure driven loads
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New technology selection
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Control

EHS

200 220 240 260 280 300 320 340 360 380 400
0

20

40

60
S

p
e

e
d 

[k
m

/h
]

seconds

200 220 240 260 280 300 320 340 360 380 400

-50

0

50

100

P
ro

p
u

ls
io

n 
[k

W
]

seconds

200 220 240 260 280 300 320 340 360 380 400
0

5

10

15

20

seconds

A
u

xi
lia

ry
 [

kW
]

AC
DC/DC

200 220 240 260 280 300 320 340 360 380 400

-80

-60

-40

-20

0

20

40

60

80

100

120

P
o

w
e

r 
[k

W
]

seconds

Propulsion
AC+DC/DC+Propulsion

Peak Shaving

Run at full power



AC-system on/off condition
duty cycle generator
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Potential improvements 
of the auxiliary system
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Conventional electric loads in a car
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Drag powers ...
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 Remember generator load 1… 2 kW !
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The conventional generator is not able to provide enough 
power to supply all loads ...

Higher power is needed!

 Is 12 Volt enough?

To much ...?

EHS



Ernie I

EHS

- Hi mate, my battery is dead ...

- Do you have any jumper cables?

Damn!



Ernie II

EHS

- Damn kind of you to help me out ! - That is of course a VERY OLD 
yankee ..

- Are you sure that it can make 
my Yamagucci spin?



Ernie III
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- OK, lets go !



Ernie IV

EHS

- It was like connecting Tjernobyl 
to the Duracell Rabitt



 6 V to begin with
 6 V electric generator and starter 1912 
 6 V not enough – higher load and compression
 12 V introduced 1955
Still used, up to 1 kW

– No electric hazard

– Modest isolation requirements

– Easy fusing

Maximum power ?

The 12 V story 
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 Cable area becomes large

– 1 kW needs 8 mm diameter cable

– 4 kW need 16 mm diameter cable

– 10’s of kW needs ... 

 Connectors becomes expensive

– Voltage drops must be kept very low

Problems with increased load @ 12 V
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 1992 MIT and Mercedes Benz took the initiative to a 42 V system 
voltage

 42 ?,  = 3*14 = charging voltage of a 36 V battery.

 Problems with 42 V:
– Still not enough, in particular for hybrid power levels

– Windings in machines bigger

– Fusing more expensive

– Filament lamps last shorter

So, how much more do we need? 

EHS



48 V this time
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CO2 and Load Migration
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Different Voltages
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> 1.5 V

> 15 V

> 50 V 

> 150 V

> 300 V

> 3 kV

High voltage?

EHS

• > 50 V is regarded as high

• 48 V common

• 36/42 V …



 Equipment where a fault can cause harm to a person or property.

 12 V system can also be dangerous

– Can cause fire

– Hydrogen explosion possible

 Even if the voltage is low, the short circuit current is high and thus also the possible heat dissipation

What is a dangerous equipment?

EHS



Toyota Prius safety system
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1. Direct current through body

2. Short circuit current that cannot be interrupted

3. High output voltage from switching converters
– Also EMC

4. Parasitic currents from switching converters

5. Fire or explosion

Basic dangers
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 Current depends on

– Voltage

 AC, especially 50 Hz, is worst

 But, DC is also dangerous

– Resistance

 Skin + body fluid. Skin most important

 Moisturous skin worst. ”Murare” ...

 > 80 mA in more than 0.2 seconds can lead to cardiac arrest

Current through body

EHS



Approximate values for body sensitivity to 
current
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 Have the greatest respect for the traction battery!

– It is dangerous!

Thus:
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 Very large short circuit currents

– Low inner resistance

– Several 1000 Ampére short circuit current

– Difficult to interrupt due to the inductance of the cables and the lack of zero crossings

Short circuit current
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 Stored energy in the magnetic field.

 Unit is Henry

 Single conductor, 1 mikroHenry/m

 Equation u=L*di/dt

 What does that mean?

Inductance

EHS



 The inductance sets up a voltage to keep the 
current going.

 Arcs

 Used in ignition coils and in light tube igniters

To breake an inductive current
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Light tube
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 3 MV/m 

 Whe the air is ionized the temperature reaches several 1000 C in a plasma with strong light

 Burns

 Eyes damaged

 Used in welding

Electric strength of air

EHS



 Very large voltages are created that may start sparcs.

 Use fuses, protective clothing, fire extinguisher

 Don’t let it happen!

Conclusions on braking an inductive current:
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 To convert electric energy

 Range: 0 – 1000 MW

 Switching amplifiers

Power Electronics

EHS



 Traditional converters have low efficiency, e.g. 25-60 %.

 Switching converters >95 %.

Why Switch?
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Classes
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A B och AB

20 – 25% 60 %



Class D Audio Amplifiers
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 PWM

Modulation

EHS
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 A variable voltage is created with a pulse width / pulse period.

PWM

EHS
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 Long cables

 Square voltages contain wide spectrum

 Noise generated

 Can be heard in the radio ...

PWM in Car

EHS



PWM
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ESS 24 V

System View

ERS

Compr, AC, 
...

PWM VoltagePWM Current

• Winding ageing
• EMC issues
• Acoustic noise
• Torque ripple
• ...

• Parameter 
sensing

• TM SOH 
modelling

• ...

• Losses
• EMC issues
• Harmonics
• System design 

requirements
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sensing
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Basic drivetrain
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Some DC Challenges
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• Isolations fault currents (Battery to Chassis)
• Limit the DC link current ripple



The Ideal Drive

Chassis



 Even if the average 
voltage is low …

 … the instantaneous 
voltage is still high

 Be careful!

Conclusions on PWH & Safety
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