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1. Introduction

Active suspension allows or improves:

•Handling

•Safe transportation

•Stability

•Comfort

•Energy harvesting
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1. Introduction

Ultimate design freedom for electrical vehicles:

In-wheel motors –e.g. Siemens VDO

Increased wheel (unsprung) to 

body (sprung) mass ratio             discomfort

Active suspension becomes a must!
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Citroen Hydractive 1989

2. Overview of active suspensions

Hydraulic / Pneumatic

Mercedes ABC 1999

BMW ARC 2004
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2. Overview of active suspensions

Advantages

•In general considered to have a high force density (actuator)

•No sensor needed and ease/experience of control

•Ease of implementation due to ready-available (produced in high volumes) 

commercial parts

•Technological maturity 

Disadvantages

•Bandwidth < 2-5 Hz (max)

•System efficiency (continuous pressure to reach bandwidth)

•Environmental pollution if damaged (hydraulic toxic fluids)

•System: Mass and space envelope

Hydraulic / Pneumatic
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Hydraulic / Electromagnetic

2. Overview of active suspensions

Levant power corp. (USA)

•Regeneration of

vibration energy 

•Piston drives a spindle which 

drives a rotary generator

•Heavy duty applications
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2. Overview of active suspensions

Bose Suspension

(Linear actuator technology)

Electromagnetic

•Bose electro-magnetic linear topology

•250-350W per corner

•High bandwidth

•No details available or commercial

test performed
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2. Overview of active suspensions

Advantages

•Improved dynamic system behaviour (Bandwidth > 100 Hz)

•Accurate force/acceleration, speed and position control

•Energy harvesting: four quadrant operation

•Minimization of additional system components in vehicle

Disadvantages

•In general considered to have a low force density (actuator)

•Position sensor is required (for multi-phase commutation and system operation)

•Current costs and future bill of material

•New technology (not yet accepted)

Electromagnetic
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Tubular permanent magnet actuator

•Commutated three phase voice coil actuator

•Direct-drive, no gearbox necessary

•High efficiency and force density

•Cylindrical magnets, efficient use of PM material!

•Cylindrical coils, no end windings!

F F

3. The efficient direct-drive solution

LINEAR

TUBULAR
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Integrated fail-safe passive damping (eddy currents)
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Hydraulic

Non-laminated

Conductive rings

•Use of non-laminated steel

•Conductive rings between stator tips  (Patented)

3. The efficient direct-drive solution
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Hydraulic damping         vs Electromagnetic damping

•Can be progressive

•Can be asymmetric

3. The efficient direct-drive solution

•Always regressive (skin effect)

•Always symmetric
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•Division of geometry in low-permeability regions

•Solve field equations in every regions using Fourier analysis

•Couple regions via boundary conditions

4. Analytical modelling
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Analytical model Finite element analysis

4. Analytical modelling
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4. Analytical modelling

Airgap flux density Force profile
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•Coil spring 

•No energy for levitation

•Passive eddy current damping 

•Fault-tolerant operation

•Tubular PM actuator / generator

•Applying direct-drive vertical forces

•Regenerating power

•RMS Force = 1 kN

•Peak Force = 2.3 kN

•Fripple < 5%

•Stroke = 140 mm

•Speed = 2 m/s

•Damping = 1600 Ns/m

5. Prototype for BMW 530i
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Non-laminated

stator teeth

Aluminum housing

Aluminum rings

Halbach magnet array

Coils

Coil spring

Sliding bearing

Bump stopTop bearing

5. Prototype for BMW 530i

Optimized force density

665 kN/m3 

2.5 x state of the art
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Quasi Halbach Permanent magnet array

5. Prototype for BMW 530i
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Quarter car mass (350 kg)

Active suspension

Wheel mass (47 kg)

Tire stiffness

Electromagnetic

road actuation

6. Control and experimental verification
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•Best comfort:   Minimize sprung acceleration in the human sensitivity band.

•Best handling: Minimize dynamic tire compression .

Constraints:

•Suspension travel Òsuspension travel of passive BMW under equal conditions. 

•Maximum RMS actuator force 1000 N.

Control inputs variables:

• Sprung acceleration (body)

• Suspension travel 

• Unsprung acceleration (wheel & suspension) 

6. Control and experimental verification
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Parameter Type Mean Value Deviation

Sprung mass Parametric 395.3 kg - 11 % / +19 %

Tire stiffness Parametric 3.4e5 N/m ± 9 %

Damping Parametric 1450 Ns/m - 38 / + 17 %

Sensor noise - ± 0.024 m/s2 RMS

Sensor noise - ± 0.178 m/s2 RMS

Sensor noise - ± 0.107 mm RMS

6. Control and experimental verification
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6. Control and experimental verification

•Comfort optimum

is limited by 

suspension travel

•Handling optimum 

is limited by 

actuator force 

(1000N on rough road)
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6. Control and experimental verification

48% improvement 

in comfort for 

110 W power 

consumption per 

wheel

17% improvement 

in handling for 

60 W power 

consumption per 

wheel
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6. Control and experimental verification
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6. Control and experimental verification
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Conclusions

Electromagnetic suspension is a high bandwidth and 

efficient solution for improving handling and comfort

Direct-drive tubular permanent magnet actuator

technology with integrated damping offers 

a high force density and fail-safe solution

Analytical modeling provides a tool for 

fast and accurate optimization and design

Robust control and experimental verification 

proved the performance and efficiency of 

the proposed solution on a quarter car setup

Prototypes are installed underneath a BMW 530i and 

on road tests are being performed together with the

development of full vehicle control
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Thank you for your attention!

Demonstration at the AutoRAI

12-23 April 2011


