Energy harvesting from a
vehicle suspension system
Valerio Siciliano, Magna Steyr Engineering
Giulio Reina, Università del Salento

Objectives


Harvest energy from suspension vibration while reducing the vibration through
shock absorbers and coil springs



Maintain handling performances and guarantee sufficient driving comfort (opposite
goals to achieve)

Concept


Shock absorbers, in parallel with coil
springs, reduce the vibration due to
road roughness by dissipating vibration
energy into heat waste



Electromagnetic harvesters (energy
transducers) can substitute shock
absorbers and power electronics can
provide self power regulation and
storage into battery

Analysis parameters
𝐹
𝑥



Damping coefficient 𝑐d = − ሶ becoming 𝑐eq in the electromagnetic harvester;



Control current 𝐼 as output of the electronical control unit supplied to the dampers;



Travel time 𝑇 given from discrete counter at 𝑓𝑛 ≈ 4 Hz in order to consider even a specific
time interval 𝑑𝑡 = 𝑡2 − 𝑡1 with 𝑑𝑡 > 0 ∀𝑡;



Vehicle speed 𝑣car only to remove all logged values referred to standing vehicle (𝑣car = 0);



Vehicle height 𝑥 (wheel center to lower fender edge – where 𝑥 > 𝑥std ⇒ extension,
𝑥 < 𝑥std ⇒ compression) in order to derivate all significant parameters i.e.:

✓

suspension displacement 𝑑𝑥 = 𝑥2 − 𝑥1 cos 𝜃 and its RMS value (𝑑𝑥)RMS ,

✓

instant suspension velocity 𝑣 =

✓

instant 𝒗𝟐 needed to calculate instant power dissipation
𝑃 = 𝑐𝑣 2 = 𝐹𝑣 and its RMS value:

𝑑𝑥
𝑑𝑡

and its RMS value,

𝑛

𝑃RMS =

1
 𝐹𝑣𝑖
𝑛
𝑖=1

𝑓𝑛 ≈4 Hz

Experimental setup
𝑚us ≈ 55 kg
𝑚s ≈ 440 kg
𝑘t ≈ 220.000 N/m
𝑘s ≈ 35.000 N/m
𝑐avg ≈ 2.350 Ns/m (700 ÷ 3.460 Ns/m)
𝑓0 ≈ 1,4 Hz


1450 kg-Audi A3 (8P) Sportback quattro



Dual-circuit brake system with diagonal split, ESP, hydraulic 11” brake servo, DOT 5.1 brake fluid



Front brake system: 18" 4-piston fixed calipers on 370x32 mm ventilated and cross-drilled discs



Rear brake system: 17" brake calipers on 310x22 mm ventilated and cross-drilled steel discs



Cast aluminum wheels 7,5J x 18” ET 51 with 225/40ZR18 92Y Continental SportContact 5 tires



Retrofitted Audi Magnetic Ride electronically controlled dampers with separate control unit

Front axle
McPherson front struts
with aluminium lower
wishbones, aluminum
swivel bearings,
aluminum subframe,
solid 22 mm anti-roll
bar, track-stabilizing
steering roll radius

Rear axle
Four-link rear
suspension with
separate spring/shock
absorber arrangement,
aluminium subframe,
aluminum wheel
carriers, tubular 21,7
mm anti-roll bar

Retrofitting of Audi Magnetic Ride



Right top: the suspension control unit under the
passenger’s seat



Right bottom: self-made cable harness for the retrofit

Retrofitting of Audi Magnetic Ride



Front axle level sensor



Rear axle level sensor



Damper inclination 𝜃front = 10°



Damper inclination 𝜃rear = 5°

The vehicle level sensors have a sampling rate of 800 Hz. Measured
data is read in by the suspension control unit across discrete lines.
These infos are accessible via a CAN-bus diagnose interface, logged in
real time and then processed.

Audi Magnetic Ride system overview
1.

Front right shock absorber with damping adjustment valve

2.

Front right vehicle level sensor

3.

Electronically controlled damping control unit

4.

Shock absorber damping adjustment button

5.

Rear right shock absorber with damping adjustment valve

6.

Rear right vehicle level sensor

7.

Rear left shock absorber with damping adjustment valve

8.

Rear left vehicle level sensor

9.

Shock absorber damping adjustment warning lamp

10.

Front left shock absorber with damping adjustment valve

11.

Front left vehicle level sensor

Audi Magnetic Ride operating principle
Magnetorheological fluid:

Feedback control:


self adaptation to road characteristics;



road modeling through 4 level sensors (4 degrees of freedom).



ferromagnetic particles in
suspension in tensioactive
organic solvent;



paramagnetism under
magnetic field application
with electrons’ spin
alignement



two interaction types:
ordinary colloidal
interaction and directional
dependent interaction
(tunable and anisotropic).

Effects of variable damping coefficient


Front dampers’ damping
coefficient:
𝑐front = 0,7 ÷ 3,46 kNs/m



Rear dampers’ damping
coefficient:
𝑐rear = 1,2 ÷ 4,15 kNs/m

Variable activation of the
solenoid valve allows the shock
absorber damping force to be
adjusted over a wide range,
about 30% more comfortable
than a standard smooth
suspension and about 30%
stiffer than a standard sport
suspension.

The test


Diagnostic data has been logged via Ross-Tech VCDS software, installed on a
laptop connected to the OBD port of the car.



The different driven paths are shown in pictures. Test drives were conducted
at different driving speeds and alternating the presets comfort/sport.



The nominal (reference) height from the wheel center to the lower edge of
the fender is 359 mm for the front axle and 349 mm for the rear axle.



All the null-speed entries of the data log have been deleted in order not to
affect the global results of the test.

The log




The data in the log file has the following structure:
Variable

Dimension

𝑖 = [0; 1; 2; 3; … ; 𝑛]

𝑛+1 ×1

𝑡 = [𝑡0 ; 𝑡1 ; 𝑡2 ; 𝑡3 ; … ; 𝑡𝑛 ]

𝑛+1 ×1

𝑥 = [𝑥0 ; 𝑥1 ; 𝑥2 ; 𝑥3 ; … ; 𝑥𝑛 ]

𝑛+1 ×1

𝐼 = [𝐼0 ; 𝐼1 ; 𝐼2 ; 𝐼3 ; … ; 𝐼𝑛 ]

𝑛+1 ×1

These values get normalized to the dimensions of the model matrix:

Variable

Dimension

𝑖Ƹ = [1; 2; 3; … ; 𝑛]

𝑛×1

𝑡Ƹ = [𝑡1 ; 𝑡2 ; 𝑡3 ; … ; 𝑡𝑛 ]

𝑛×1

𝑥ො = [𝑥1 ; 𝑥2 ; 𝑥3 ; … ; 𝑥𝑛 ]
𝐼መ = [𝐼1 ; 𝐼2 ; 𝐼3 ; … ; 𝐼𝑛 ]

𝑛×1
𝑛×1

The model matrix


In addition to the normalized variables others are derived from the original log ones:
Variable
𝑑𝑥 = 𝑥1 − 𝑥0 ; 𝑥2 − 𝑥1 ; 𝑥3 − 𝑥2 ; … ; 𝑥𝑛 − 𝑥𝑛−1

𝑛×1

𝑑𝑡 = [𝑡1 − 𝑡0 ; 𝑡2 − 𝑡1 ; 𝑡3 − 𝑡2 ; … ; 𝑡𝑛 − 𝑡𝑛−1 ]

𝑛×1

𝑥1 − 𝑥0 𝑥2 − 𝑥1 𝑥3 − 𝑥2
𝑥𝑛 − 𝑥𝑛−1
;
;
;…;
𝑡1 − 𝑡0 𝑡2 − 𝑡1 𝑡3 − 𝑡2
𝑡𝑛 − 𝑡𝑛−1

𝑛×1

𝑣=


Dimension

The model input matrix (dim. 𝑛 × 𝑚), incl. simulated parameters (until column 𝑚) is:
𝒊Ƹ

𝒕ො

ෝ
𝒙

𝑰

𝒅𝒙

𝒅𝒕

𝒗

1

𝑡1

𝑥1

𝐼1

𝑥1 − 𝑥0

𝑡1 − 𝑡0

𝑑𝑥 1 Τ 𝑑𝑡

1

⋮

2

𝑡2

𝑥2

𝐼2

𝑥2 − 𝑥1

𝑡2 − 𝑡1

𝑑𝑥 2 Τ 𝑑𝑡

2

⋮

3

𝑡3

𝑥3

𝐼3

𝑥3 − 𝑥2

𝑡3 − 𝑡2

𝑑𝑥 3 Τ 𝑑𝑡

3

⋮

⋮

⋮

⋮

⋮

⋮

⋮

⋮

𝑛

𝑡𝑛

𝑥𝑛

𝐼𝑛

𝑥𝑛 − 𝑥𝑛−1

𝑡𝑛 − 𝑡𝑛−1

𝑑𝑥 𝑛 Τ 𝑑𝑡

⋯

⋮
𝑛

𝒎

⋮
⋮

Quarter car model of the MR suspension



ቊ

Passive Damping Quarter-Car Model

𝑚s 𝑥ሷ s = −𝑘s 𝑥s − 𝑥us − 𝑐d 𝑥ሶ s − 𝑥ሶ us
𝑚us 𝑥ሷ us = 𝑘s 𝑥𝑠 − 𝑥us + 𝑐d 𝑥ሶ s − 𝑥ሶ us − 𝑘t 𝑥s − 𝑥r



ቊ

Variable Damping Quarter-Car Model

𝑚s 𝑥ሷ s = −𝑘s 𝑥s − 𝑥us − 𝑭𝐝
𝑚us 𝑥ሷ us = 𝑘s 𝑥𝑠 − 𝑥us + 𝑭𝐝 − 𝑘t 𝑥s − 𝑥r

Classification of MR damping modelling
Passive Models
𝑓MR = 𝜑 𝑥;ሶ 𝑥
A passive model is valid under the
assumption that the damper is filled with
MR fluid, and its objective is to study the
hysteretic and nonlinear behaviour of the
device under constant electric current.
▪
▪
▪
▪
▪
▪

Bingham Model
Modified Bouc-Wen Model
Polynomial Model
Semi-Phenomenological Model
Phase-Transition Model
Three-Parameters Model

These models study the force-velocity and
transient response curve. They are aimed
more at investigating the physical
characteristics of the MR fluid.

𝑰-Driven Models
𝑓MR = 𝜑 𝑥;ሶ 𝑥; 𝐼
An 𝐼-Driven model includes the electric
current as input variable and its
formulation bases on the assumptions that
the damper includes MR fluid as oil and a
persistent fluctuation of electric current.
▪ (N)NARX – (Neural-based) Nonlinear
Auto-Regressive Exogenous Model
▪ Modified Bouc-Wen Model w/polynomial
dependance on electric current
▪ Complex MR Model
▪ Unified MR Model
These models are also suitable for the
control strategies, as they include 𝐼 as
input variable (while it becomes the
“output” in the control unit).

Modelling of the MR damper force 𝐹d


We choose the «Unified MR Model» to model the damping force. The damper can be modelled
as a subsystem with a passive damping coefficient, 𝑐0 ≔ 𝑐min , an intrinsic stiffness 𝑘0 and a
non-linear dynamical relationship being 𝑓MR = 𝜑 𝑥;ሶ 𝑥; 𝐼 :
𝐹d = 𝑐0 𝑥ሶ + 𝑘0 𝑥 + 𝑓MR



This model uses a bi-viscous model to define the quasi-steady valve flow:
𝑐pre 𝑥,ሶ
𝑓MR =
𝑐post 𝑥ሶ + 𝑓𝑦 sgn 𝑥ሶ ,



𝑓𝑦
𝑐pre
𝑓𝑦
𝑥ሶ >
𝑐pre

𝑥ሶ ≤

Here 𝑓𝑦 , 𝑐pre and 𝑐post are defined as follows:
𝑓𝑦 = 𝛼0 + 𝛽0 tanh 𝛾0 𝐼
𝑐pre = 𝛼pre + 𝛽pre tanh 𝛾pre 𝐼
𝑐post = 𝛼post + 𝛽post tanh 𝛾post 𝐼



The parameters of this model have been identified experimentally by curve fitting techniques
and the pre- and post-yield coefficients are different to better model the non-linear
characteristics of the MR damper.

Partial simulation, mixed experimentation


What makes this study particularly interesting is that the results are not completely
simulated, as they base partially on a real log input, meaning we have a real road
profile and a real control output as control current, so we don’t have to simulate
those two variables, neither deal with more simplified control-oriented MR damping
models. On the other hand, damping force and available power are simulated.



At the same time this means having a limitation as the logged position corresponds just
to a SDOF-model, so to integrate this into the quarter-car model, vehicle body
acceleration and transmissibility have to be estimated:
𝑥1 − 𝑥0
𝑥2 − 𝑥1
𝑣1 =
,
𝑣2 =
,
𝑡1 − 𝑡0 = 𝑡2 − 𝑡1 = Δ𝑡 = 0,26 s
𝑡1 − 𝑡0
𝑡2 − 𝑡1
𝑥2 − 𝑥1 𝑥1 − 𝑥0
−
𝑣2 − 𝑣1
Δ𝑡 = 𝑥2 − 2𝑥1 + 𝑥0
𝑎=
= Δ𝑡
𝑡2 − 𝑡1
Δ𝑡
𝑑𝑡 2

𝑇≔

𝑋s
2ℎ
=
=
𝑋r
𝑎

𝑐
𝑐
2
𝑐cr
𝑐cr
=
≈ 0,5
𝜔
𝑘s
𝜔ൗ
𝜔0
𝑚
2

s

S.P. Lecce-Arnesano, 80 km/h, Comfort

S.P. Lecce-Arnesano, 80 km/h, Sport

S.P. Lecce-San Cesario, 40 km/h, Comfort

S.P. Lecce-San Cesario, 40 km/h, Sport

Viale Don G. Minzoni, 50 km/h, Comfort

Viale Don G. Minzoni, 50 km/h, Sport

Via Giovanni Agnelli, 20 km/h, Comfort

S.S. Lecce-Brindisi, 80 km/h, Comfort

S.S. Lecce-Brindisi, 80 km/h, Sport

S.S. Lecce-Brindisi, 100 km/h, Comfort

S.S. Lecce-Brindisi, 100 km/h, Sport

S.S. Lecce-Brindisi, 120 km/h, Comfort

S.S. Lecce-Brindisi, 120 km/h, Sport

S.S. Lecce-Brindisi, 140 km/h, Comfort

S.S. Lecce-Brindisi, 140 km/h, Sport

Simulation/Test Results


A 50 ÷ 400 W power potential (RMS value) is available from the shock absorbers of
a typical middle-sized passenger car ranging from good (ISO Class B) and average
(Class C) to bad (Class D) roads. The average value of the test/simulation is 180 W.



The suspension deflection is limited by the activation of the suspension’s “Sport”
preset, which makes the suspension stiffer. On the other hand, the deflection
increases at a vehicle’s higher longitudinal speed.



The highest values of the suspension’s relative velocity have been registered on
“bad” roads, getting higher at a higher vehicle’s longitudinal speed, as
proportional to the suspension deflection.



The available power depends on the suspension’s damping coefficient as well as on
the suspension’s relative velocity, as it is:
𝑃 = 𝐹 𝑥ሶ = 𝑐 𝑥ሶ 𝑥ሶ = 𝑐 𝑥ሶ 2



As it can be seen, these parameters do not influence the available power with the
same dynamic, as one has a quadratic influence on 𝑃 and the other a linear one.

Car speed vs. relative velocity


The tests conducted on the S.S.379 Lecce-Brindisi offer a great scenario to investigate
further the relationship between the vehicle’s longitudinal speed, the suspension’s
relative velocity and the available power potential, as various logging has been
conducted on the same (good) road type at different speeds and presets.



Curve fitting techniques help
to estabilish a relationship
between the two velocities:

Vehicle speed vs. Relative velocity
65
60

𝑥ሶ mmΤs = 0,012𝑒 0,011𝑣 kmΤh
for the preset «Comfort» and:
𝑥ሶ mmΤs = 0,016𝑒

0,007𝑣 kmΤh

Relative velocity
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Car speed vs. available power


As we can see, although being the power proportional to both relative velocity and
damping coefficient, the velocity influence has a more rapid dynamic if compared to
that of the damping coefficient. The consequence is that a higher damping coefficient
limits the suspension deflection, thus the relative suspension velocity.



Having logged the same path
at different vehicle speeds and
activating each time both
presets separately, allows us to
notice a relationship between
vehicle speed and available
power. It’s very interesting
that after ≈125 km/h the
comfort presets lets register
higher available power, as the
influence of the suspension
velocity overtakes the one of
the damping coefficient

Vehicle speed vs. Available power
220

Available power (4 dampers)
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Force vs. velocity vs. current

Look-Up-Table
Log

Preset

𝒗𝐜𝐚𝐫

𝑷𝐭𝐨𝐭𝐚𝐥

S.P. Lecce-Arnesano

Comfort

80 km/h

265 W

S.P. Lecce-Arnesano

Sport

80 km/h

305 W

S.P. Lecce-San Cesario

Comfort

40 km/h

385 W

S.P. Lecce-San Cesario

Sport

40 km/h

280 W

Viale Don G. Minzoni

Comfort

50 km/h

100 W

Viale Don G. Minzoni

Sport

50 km/h

160 W

Via Giovanni Agnelli

Comfort

20 km/h

240 W

S.S. Lecce-Brindisi

Comfort

80 km/h

55 W

S.S. Lecce-Brindisi

Sport

80 km/h

105 W

S.S. Lecce-Brindisi

Comfort

100 km/h

65 W

S.S. Lecce-Brindisi

Sport

100 km/h

125 W

S.S. Lecce-Brindisi

Comfort

120 km/h

120 W

S.S. Lecce-Brindisi

Sport

120 km/h

140 W

S.S. Lecce-Brindisi

Comfort

140 km/h

195 W

S.S. Lecce-Brindisi

Sport

140 km/h

150 W

Conclusions ⇒ Future Challenges
Energy Harvesting


Possible applications: E-Mobility
and Hybrid Vehicles.



Packaging and hardware: find
cheap and resistant solution to
integrate the electromagnetic
harvester into the damper.



Model: to better investigate the
power potential a model including
the tire stiffness should be
adopted, as 𝑃avg ∝ 𝜋𝛤r 𝑣car 𝑘t
where 𝛤r is the road roughness.



Control: for (semi-)active
suspensions develop a control
strategy that improves energy
harvesting without negatively
influencing ride comfort.

MR-Damper Modelling


Further investigate the hysteretical
and nonlinear behavior of MR dampers;



Some control-oriented models describe
very well the damper’s behavior at low
relative speeds and fail at higher,
some other do it the other way round;



Include in the control strategy the
relative movement of body and wheel
rather than using a SDOF



Investigate physical characteristics of
the actual experimentally identified
parameters of the MR fluid
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