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This paper considers the control of a novel high bandwidth electromagnetic active suspension system for
a quarter car model in both simulations and experiments. The nature of the control problem with multi-
ple objectives that have to be optimized as well as the uncertain parameters of the plant call for an H1-
controller. By changing weighting filters different controllers can be designed, emphasizing either com-
fort or handling. Using the high bandwidth of the actuator comfort can be improved by 40% over the pas-
sive BMW whilst keeping suspension travel within the same limits. Using a different controller, handling
can be improved up to 30%, limited by RMS actuator force.
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1. Introduction

A conventional car suspension is always a trade-off between
comfort and handling. Over the last decade, top of the line manu-
facturers have therefore developed active suspension systems to
enhance comfort when driving straight whilst improving handling
while cornering. Current day examples are the ABC system [3] em-
ployed by Mercedes which contains a hydraulic actuator in series
with a passive suspension. Whilst this system can provide energy
to the suspension, a bandwidth of only 5 Hz is obtained and contin-
uous pressurization is required making the energy demands very
high. Another example is the Delphi magneto-rheological damper
[2] which, under the influence of a magnetic field, can change its
damping value within a specified range. Benefits of this system
are its high bandwidth and low power requirement. Energy can,
however, not be supplied to the system making this a semi-active
system.

Various other solutions have been developed to provide active
suspension, however they all suffer from either low bandwidth
[19], high power demands or limited usability. The only suspension
that is claimed to solve all of these problems is developed by Bose
Corp. [1], details of this system are, however, not provided.

Given these drawbacks, a novel tubular permanent magnet
electromagnetic actuator [9] was designed as shown in Fig. 1. It
is capable of delivering direct drive in a small volume. Further-
more, the bandwidth it can achieve is much higher than that of
other fully active systems. Power consumption is lower than that
of a hydraulic system since no continuous pressurization is neces-
ll rights reserved.
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sary and energy can even be recuperated depending on the damp-
ing value and controller settings [10].

To prove the increased efficiency and bandwidth of this electro-
magnetic suspension a controller has to be developed. Numerous
publications exist on the control of active suspension systems,
for example Lee and Kim [17] considers lead-lag, LQ and fuzzy con-
trol for a brushless tubular permanent magnet actuator. Due to the
limited peak force (29.6 N) of the actuator, a scaled down (sprung
mass 2.3 kg, unsprung mass 2.27 kg) test setup is considered mak-
ing the setup not representing a typical vehicle (sprung-unsprung
ratio 10:1). Furthermore, the parameters of the setup are consid-
ered to be fixed and fully known. Performance gains up to 77%
were achieved, however, no notion was made on the deterioration
of suspension travel or handling. On the other hand, Lauwerys et al.
[16] does use a full size quarter car setup and also includes uncer-
tainties in the design of the controller. However, with the actuator
being hydraulic, only a reductions in the sprung resonance is con-
sidered (1.5 Hz) opposed to the region where humans are most
sensitive (4–10 Hz). Furthermore, RMS power requirements of
the hydraulic suspension system are 500 W per corner, making
the system inefficient.

This paper considers control of the active suspension using an
H1-controller. This control topology was chosen such that varia-
tions in the plant that occur in practice can be accounted for. Fur-
thermore, weighting filters can be added to emphasize comfort
(vertical acceleration) or handling (tire compression), whilst keep-
ing both actuator force and suspension travel within its limits. By
making use of frequency dependent weighting both objectives
can be optimized in their most sensitive frequency band.

Design of the controller was done using a quarter car model
based on a BMW 530i. Furthermore, a full size quarter car test
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Fig. 1. Tubular permanent magnet actuator in parallel with a passive spring.
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setup has been built that describes the vertical dynamics of a vehi-
cle. Multiple suspension struts can be fitted, thereby making it pos-
sible to compare the suspension Strut of the BMW with the
controlled electromagnetic suspension. It will be shown that a
41% improvement in comfort can be achieved in the frequency
range of highest human sensitivity (4–10 Hz), limited by the avail-
able suspension travel. Handling can be improved by 31%, limited
by the available RMS actuator force.

The outline of the paper is as follows. In Section 2 the system
model will be discussed which consists of an introduction to the
active suspension, the quarter car model that will be used for sim-
ulations and the road description. After this the main control prob-
lem will be presented in detail. In Section 4 the full size test setup
will be shown. Design of the controller will be explained in Sec-
tion 5. Results of the controllers designed can be seen in Section 6.
Finally, conclusions are drawn in Section 7.

2. System model

A quarter car model will be used. For this all parameters are
based on a BMW 530i. This German built saloon car is well known
for its sportiness, agility and comfort. With its aluminum bonnet
and front quarter panels a near to perfect 50.9/49.1% front to rear
weight distribution is achieved. The front suspension system,
which will be replaced by the active suspension system, is a Mac-
Pherson strut. This suspension strut has a spring stiffness of
30.01e3 N/m as is shown in Table 1, together with the other vehicle
parameters. The damping of the passive suspension strut is a non-
linear function of the vertical velocity and can be seen in Fig. 3. Per-
formance of the active suspension will be compared with this pas-
sive front suspension.

Remark 1. A half or full car model is not chosen as the test setup is
designed as a quarter car setup. The model is therefore also a
quarter car. Furthermore, as we are most interested in comfort,
which is defined by vertical acceleration of the vehicle body, a
model that only describes this is chosen.
Table 1
Technical data of the BMW 530i.

Parameter Value

Unloaded mass 1546 kg
Maximum loaded mass 2065 kg
Unsprung mass front (2 wheels) 96.6 kg
Unsprung mass rear (2 wheels) 89.8 kg
Spring stiffness 30.01e3 N/m
Tire stiffness min–max (single tire) 3.1e5–3.7e5 N/m
Weight distribution front-rear 50.9–49.1%
Maximum compression (bump) 0.06 m
Maximum extension (rebound) 0.08 m
2.1. Active suspension system

The retrofit suspension system, as shown in Fig. 1 consists of an
electro-magnetic actuator in parallel with a mechanical spring to
maintain the height of the vehicle. The actuator is a tubular slotted
three-phase permanent magnet actuator with a maximum RMS
force of 1000 N and similar suspension travel as the passive
BMW suspension. Fail safe passive damping is provided by means
of eddy-currents, see Fig. 3. Further specifications and its mode of
operation are given in [7,8].

Three sensors are fitted on the actuator, being the sprung mass
acceleration sensor, suspension travel sensor and unsprung mass
acceleration sensor. The sprung acceleration sensor is fitted be-
cause it gives a direct measure of comfort of the vehicle. Second,
the laser sensor is installed such that the suspension travel can
be directly measured using this sensor, thereby commutation of
the actuator is executed precisely. Finally, the unsprung accelera-
tion sensor is installed to estimate the state of the tire since it is
impossible to measure tire compression directly. This set of sen-
sors provides all information necessary and is most commonly
used in literature [21].

2.2. Quarter car model

A quarter car model represents one corner of a vehicle for which
only the vertical dynamics are considered. Fig. 2 shows a graphical
representation of the quarter car including an actuator. The body of
the car is represented by the sprung mass, ms. The wheels, brakes
and part of the suspension is represented by the unsprung mass
mu. The suspension stiffness and damping are denoted by ks and
ds respectively with the tire stiffness denoted by kt. The degrees
of freedom are the displacement of the sprung (zs) and unsprung
mass (zu). The road displacement, zr, is prescribed by the road pro-
file as will be discussed below. Finally, the actuator force is de-
noted by Fact. The equations of motion are given by

ms€zs ¼ �ksðzs � zuÞ � dsð _zs � _zuÞ þ Fact ð1Þ
mu€zu ¼ ksðzs � zuÞ þ dsð _zs � _zuÞ � ktðzu � zrÞ � Fact; ð2Þ

where it is assumed that tire-road contact is maintained at all time,
i.e. kt(zu � zr) > 0.

Variations that occur in the quarter car are based on physical
changes such as the number of people in the car, the damper veloc-
Fig. 2. Quarter car model.



Fig. 3. Damping force of passive BMW and active suspension stut compared with
linear damping.

Table 2
Parameters of the quarter car model.

Parameter Mean value Deviation

ds 1450 Ns/m �550 + 250 Ns/m
ks 30.01e3 N/m 0 N/m
kt 3.4e5 N/m ±0.3e5 N/m
ms 395.3 kg �42.77 + 75.38 kg
mu 48.3 kg 0 kg
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ity and the load on the tire. The range of change for the sprung
mass is determined by the unload and maximum mass of the vehi-
cle, decreased with the sprung weight. The average value is based
on two average weight people sitting in the car, including fuel. The
second parameter that is allowed to vary is the tire stiffness as this
is both a function of vertical load and inflation pressure. As Table 1
shows the tire stiffness is expected to vary between 3.1e5 and
3.7e5 N/m. Finally, the damping force of the electromagnetic sus-
pension has a regressive character as a function of velocity as
Fig. 3 shows. This results in a damping coefficient that is not con-
stant. As Table 2 shows the damping value can vary between 900
and 1700 Ns/m.

2.3. Road input

A vehicle is subjected to two types of disturbances while driv-
ing: stochastic and deterministic. For the stochastic disturbances
measurements [5] have shown that typical road disturbances can
be represented accurately by the application of a first order filter
to a white noise signal w

1
mVx

_zr þ zr ¼ w: ð3Þ

Here zr is the vertical road input, Vx is the forward speed of the vehi-
cle. Together with the parameter m the cut-off frequency is defined
and thereby the shape of the road irregularities. Table 3 shows the
parameters that have been used to create the simulated road pro-
files. Here, the first order low-pass output is multiplied with w to
achieve the correct road amplitude. This gain is based on a sample
time (ts) of 0.001 s.
Table 3
Typical road parameters.

Road type m Vx w

Smooth 0.2 rad/m 30 m/s 0:05
ffiffiffiffiffiffiffiffiffi
0:001

ts

q
Rough 0.8 rad/m 7.5 m/s 0:075

ffiffiffiffiffiffiffiffiffi
0:001

ts

q

As deterministic disturbance a 3 cm high speed bump will be
used.
3. Control problem

In a car suspension multiple objectives have to be fulfilled for a
car to achieve good comfort as well as good handling whilst keep-
ing track of constraints defined by physical limitations of the car
and active suspension system.

� Comfort is defined by the vertical acceleration, €zs, of the sprung
mass. In the ISO2631-1 [14] criterion it is furthermore defined
that humans are most sensitive in the frequency band between
4 and 10 Hz.
� Dynamic tire compression, zt, is a good measure for handling.

The side force a tire can create decreases when changes in ver-
tical compression occur due to relaxation effects. This means
best handling is achieved when dynamic tire compression is
minimal.
� The available space in the suspension of a car is limited, this is

thus defined as a constraint of the system. In case of the BMW
suspension the allowed travel from minimum to maximum is
0.14 m. To make a fair comparison with the passive suspension,
the active suspension is not allowed more travel than passive
suspension system in the same situation.
� Thermal constraints of the active suspension limit the RMS

actuator force to 1000 N.

A control topology that allows for multi variable optimization
could be Linear Quadratic control, or LQG, as used in
[11,13,15,22]. With this control method an optimal controller is
found if the plant is fully known. A problem, however, occurs when
this is not the case. As Doyle [6] has shown, there are no guaran-
teed stability margins for this control topology. As the plant is
not fully known due to unknown variables such as the sprung
mass, damping and tire stiffness, this control topology is not suit-
able. A method that gives the possibility of taking into account the
unknown parameters whilst also allowing optimization for multi-
ple control variables is H1-control. This topology will be used in
this paper.
4. Test setup

The test setup consists of a full-size quarter car model. The
sprung mass (e), and unspung mass (c) are represented by blocks
of steel guided by linear bearings as Fig. 4 shows. These two masses
are connected by a suspension strut (d) which in this case is either
the BMW front suspension strut or the electromagnetic actuator.
The tire stiffness is represented by a coil spring (b) with a constant
stiffness of 352.3e3 N/m. Road excitations are performed by a
tubular industrial actuator in parallel with a spring (a) that is used
to support the weight of the test setup. Control of this actuator is
done by a PID controller with notches and a feed forward term
counteracting disturbance forces of the active suspension system.

To asses the performance of the active suspension various sen-
sors are installed on the test setup. Next to the sprung ð€zsÞ and un-
sprung acceleration ð€zuÞ and suspension travel (z) sensors installed
on the actuator an incremental encoder is installed on the indus-
trial actuator. This sensors is used to measure the road displace-
ment zr and provide feedback for the PID controller. Furthermore,
a second laser sensor is installed that is used to measure the posi-
tion of the unsprung mass (zu). Together with the incremental en-
coder the tire compression zt can be calculated. To determine the
power, three phase-to-phase voltages as well as three phase cur-
rents are measured. The supply power is then calculated as



Fig. 4. Quarter car test setup, with; (a) road shaker, (b) tire spring, (c) unsprung mass, (d) suspension strut and (e) sprung mass.
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Ps ¼ IaVac þ IbVbc: ð4Þ

Experimental verification of the test setup was performed using the
road signal as input. As Fig. 5 shows, measurements and simula-
tions show good coherence up to 30 Hz. Deviations are caused by
friction of the linear bearings in the test setup. Since humans are
most sensitive between 4 and 10 Hz this is not a problem.

5. Controller design

For design of the H1-controller, the structure as shown in Fig. 6
is used. In the perturbed plant all variations as discussed before are
included as parametric uncertainties. Sensor noise is assumed to be
frequency independent and is therefore modeled as white noise
multiplied by a gain (Wn1, Wn2 and Wn3) such that the amplitude
of the noise matches that of the sensor noise measured on the test
setup. The levels are shown in Table 4.

The disturbance input to the plant is the road disturbance and
the controlled input is the actuator force calculated by the control-
ler. All this is then put into the standard form as shown in Fig. 7
which is used for robustness and performance analysis. In this fig-
ure yd are the inputs to the uncertainty matrix and uD are the in-
puts to the plant resulting from the uncertainties. As disturbance
input w = zr is used. The controlled output is defined as

yc ¼ ½Wztzt W€zs€zs Wzðzs � zuÞ WFactFact �T ; ð5Þ

where each control objective as defined in Section 3 is multiplied by
a weighting filter. These weighting filters will be explained in Sub-
Section 5.1. Input to the controller are the measured sprung accel-
eration, suspension travel and unsprung acceleration,

v ¼ ½€zs €zu zs � zu �T : ð6Þ

The output of the controller is the actuator force u = Fact. Further-
more, N is the generalized plant P connected to the controller K
via a lower fractional transformation

N ¼ FlðP;KÞ � P11 þ P12KðI � P22KÞ�1P21: ð7Þ
In total N has seven outputs. Three that couple it to the uncertainty
matrix and four controlled outputs as defined by (5), these are also
the external outputs of N. Four inputs are defined for N with one
stemming from the road disturbance and three from the uncer-
tainty matrix D.

The transfer matrix D is formed by pulling out the uncertainties
from the plant and putting them into the uncertainty matrix

D ¼
D1 0 0
0 D2 0
0 0 D3

2
64

3
75: ð8Þ

Each Di represents a source of uncertainty such parametric
uncertainty [20]. For the greatest singular value �r of each Di it holds
that

�rðDiÞ 6 1;8x; i 2 f1;2;3g ð9Þ

which means that each individual perturbation is stable and nor-
malized. The parametric uncertainties as present in this problem
can be found by considering (1) and (2) and writing them as

ðm̂s þW1D1Þ€zs ¼ �ksðzs � zuÞ � ðd̂s þW2D2Þð _zs � _zuÞ þ Fact ð10Þ
mu€zu ¼ ksðzs � zuÞ þ ðd̂s þW2D2Þð _zs � _zuÞ � ðk̂t þW3D3Þðzu � zrÞ � Fact : ð11Þ

Here, each varying parameter is represented by a mean value and
an uncertain part WiDi, with i 2 {1, 2, 3}. Each Wi is chosen such that
for each Di (9) is satisfied. By defining uD1 = D1yd1 and yd1 ¼ €zs and
likewise for the other uncertainties it can be written that

z1

z2

z3

2
64

3
75 ¼ � ks

m̂s
� ds

m̂s

ks
m̂s

ds
m̂s

0 1 0 �1
0 0 1 0

2
64

3
75

zs

_zs

zu

_zu

2
6664

3
7775þ

1
m̂s

0
0 0
0 �1

2
64

3
75 Fact

zr

� �

þ
�W1

m̂s
�W2

m̂s
0

0 0 0
0 0 1

2
64

3
75

uD1

uD2

uD3

2
64

3
75; ð12Þ



Fig. 5. Power spectral density of road signal, sprung acceleration, unsprung acceleration and suspension travel, measurement and simulation compared.
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and

_zs

€zs

_zu

€zu

2
6664

3
7775 ¼

0 1 0 0
� ks

m̂s
� ds

m̂s

ks
m̂s

ds
m̂s

0 0 0 1
ks
mu

ds
mu

� ksþk̂t
mu

� ds
ms

2
6664

3
7775

zs

_zs

zu

_zu

2
6664

3
7775þ

0 0
1

m̂s
0

0 0
� 1

m̂u
� k̂t

mu

2
6664

3
7775 Fact

zr

� �

þ

0 0 0
�W1

m̂s
�W2

m̂s
0

0 0 0
0 W2

mu
�W3

mu

2
6664

3
7775

uD1

uD2

uD3

2
64

3
75: ð13Þ

The uncertainty matrix D can now be found as

uD ¼
uD1

uD2

uD3

2
64

3
75 ¼

D1 0 0
0 D2 0
0 0 D3

2
64

3
75

yd1

yd2

yd3

2
64

3
75 ¼ Dyd: ð14Þ
5.1. Weighting filters

In Fig. 6 the controlled outputs are shown, these are chosen
such that the control objectives as introduced in Section 3 are sat-
isfied. Using weighting filters these objectives can be influenced in
amplitude and frequency. For this, frequency dependent weighting
filters are used. Care is taken that for all weighting filters the in-
verse is proper by creating an equal number of poles and zeros.
For the sprung acceleration a second order continuous time trans-
fer function approximation of the ISO2631-1 standard [23] is used
to emphasize human sensitivity to vertical vibrations and thereby
improve comfort

W€zs ¼ w€zs

86:51sþ 546:1
s2 þ 82:17sþ 1892

1
2p200 sþ 1

1
: ð15Þ

For the dynamic tire compression it is found that, when considering
small side slip angles, variations in vertical load only influence the
lateral tire force at low frequencies. A low-pass filter is therefore
chosen, penalizing low frequencies

Wzt ¼ wzt

1
2p12 sþ 1

1
2p0:6 sþ 1

: ð16Þ

The constraint on actuator force of 1000 N RMS is fulfilled by a high-
pass filter penalizing higher frequencies that are not of interest.

WFact ¼ wFact

1
ð2p25Þ2

s2 þ 2�0:7
2p25 sþ 1

1
ð2p1000Þ2

s2 þ 2�0:7
2p1000 sþ 1

: ð17Þ

Finally, as there are no frequency requirements on the suspension
travel, a gain is used to fulfill the constraint of suspension travel



Fig. 6. Schematics used for design of robust control.

Table 4
Sensor noise.

Sensor Deviation

Sprung acceleration sensor (Wn1) ±0.024 m/s2 RMS
Sprung acceleration sensor (Wn2) ±0.178 m/s2 RMS
Suspension travel sensor (Wn3) ±0.002 m RMS

Fig. 7. Structure as used for robustness analysis.

Fig. 8. Normalized weighting filters.
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which cannot be larger than that of the BMW suspension over a
similar road

Wz ¼ wz: ð18Þ

The normalized form of the weighting filters is shown in Fig. 8.
By changing the amplitude of each weighting filter relative to

each other either comfort or handling can be emphasized. Given
the constraints two controllers were developed, one focussed on
maximum comfort (limited by suspension travel) and one on best
handling (limited by maximum RMS actuator force). Nine control-
lers, each 10% less comfortable than the previous were furthermore
designed, resulting in eleven controllers in total. From this set con-
troller 1 is designed for best comfort and controller 11 for best han-
dling. In general it can be said that the ratio between w€zs and wzt

changes in favor of handling when this is emphasized as Fig. 9
shows. The gain for suspension travel, wz, remains almost constant
for all eleven controllers and is only used to limit suspension travel
if it surpasses the predefined limit. Finally, the multiplication fac-
tor for actuator force decreases with increasing emphasis on
handling.
5.2. Robustness requirements

The main requirement of the control system is better perfor-
mance, however, this better performance should not lead to possi-
ble instability. This section will discuss the methods used to asses
both performance and stability.

Stability of the controlled system can be divided into two
requirements; nominal stability (NS) and robust stability (RS).
Nominal stability is proven by ensuring that both the generalized
plant P as well as the controller K are stable. Furthermore, the poles
of N are also in the left half plane, this proves nominal stability. Ro-
bust stability means that the controlled system matrix is also sta-



Fig. 9. Amplitude of weighting filters for alle eleven controllers.

Table 5
Comparison of RMS values of simulation and measurement on quarter car test setup
with BMW suspension.

Smooth Rough

Meas Sim Meas Sim

€zs (m/s2) 0.62 0.60 0.80 0.68
zt (mm) 0.97 1.05 1.53 1.63
z (mm) 9.75 12.9 13.3 20.1
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ble for all parametric perturbations. To guarantee this, the transfer
function form the exogenous inputs to the outputs is defined as

FuðN;DÞ ¼ N22 þ N21DðI � N11DÞ�1N21: ð19Þ

Now assume that NS is proven, this implies that N is stable. It is fur-
thermore assumed that D is stable. The only source of instability in
(19) can now be (I � N11D)�1, i.e. the coupling of the controlled sys-
tem to the uncertainty matrix D. This means that when the system
is nominally stable, the stability of the perturbed system is equal to
the stability of the MD-structure, with M = N11. Stability of the MD-
structure is proven using the Nyquist criterion, which says that it is
stable if it does not encircle the origin, this can be expressed as

detðI �MDÞ – 0: ð20Þ

The structured singular value, defined as [20]

lðMÞ�1 � min
D
f�rðDÞjdetðI �MDÞ ¼ 0 for structured Dg ð21Þ

can now be used to define stability.
Now assume that both M and D are stable from which the

requirement follows that the MD-structure is stable for all allowed
perturbations with �rðDÞ 6 1;8x if and only if

lðMðjxÞÞ < 1; 8x; 8bD: ð22Þ

A value of l = 1 would mean there exists a perturbation with
�rðDÞ ¼ 1 that makes I �MD singular.

With the stability requirements satisfied, performance require-
ments still have to be fulfilled. This will indicate whether the con-
trolled systems performs better than the uncontrolled system. To
determine this, the worst case gain from input w to output yc is cal-
culated for the controlled and uncontrolled plant. Robust perfor-
mance is then achieved if for all perturbations the controlled
plant performs better than the uncontrolled plant. This can be for-
mulated as

lD̂ðNcðjxÞÞ
lD̂ðNuðjxÞÞ

< 1; 8D̂; ð23Þ

where l is calculated with respect to the matrix

bD ¼ D 0
0 DP

� �
; ð24Þ

Dcontains the uncertainties as introduced before and DP is a full
complex perturbation with the same size as the number of con-
trolled outputs. This complex perturbation is disk shaped region
in the complex plane around the nominal plant for which it holds
that

jDðjxÞj 6 1: ð25Þ

Robust performance is, however, not necessary for all outputs. As-
sume for instance that better comfort is required, physical limita-
tions of the car suspension determine that a deterioration of tire
compression has to happen [12]. It is therefore only required to
be stable. This means that when emphasizing for comfort, tire com-
pression will suffer and will thus not behave robustly. The opposite
is also true.

5.3. Controller synthesis

As was shown, the structured singular value l is a useful tool in
analyzing the robustness of a plant and controller. As a stable sys-
tem is defined by l(M(jx)) < 1, "x, a controller has to be designed
that suffices this condition given the plant. As there is no direct
method to do this, DK-iteration is performed to find a l-optimal
controller.

The idea is to find a controller that minimizes the peak value
over frequency of the upper bound.

lðNÞ 6 min
D�D

�rðDND�1Þ; ð26Þ

an attempt is made to minimize the quantity jDN(K)D�1j1 [18].
Here, K is an H1-controller that is synthesized while D is kept fixed,
with D�D, a class of stable minimum-phase transfer functions. The
second step is to find D(jx) that minimizes �rðDND�1ðjxÞÞ with N
fixed. The magnitude of D(jx) is then fit to a stable minimum-phase
transfer function D(s).

Iterations continue until jDND�1j1 < 1 or when the H1 norm no
longer decreases. The order of the controller resulting from this
process is equal to the number of states in the plant plus the num-
ber of states in the weighting filters plus twice the number of
states in D(s) [4].
6. Results

As a benchmark, the characteristics of a BMW 530i are used.
This means that parameters as shown in Table 1 are put into the
equations introduced before. The damping as shown in Fig. 3 is fur-
thermore used to achieve accurate results. Table 5 shows the per-
formance of the quarter car model of the BMW on smooth and
rough road. In the following section these results will be compared
with the performance of the active suspension.

Measurements show that a 41% improvement in comfort can be
achieved with controller 2 on the rough road, deteriorating han-
dling by 65% as can be seen Fig. 10. This deviates 22% from the ex-
pected improvement in simulations which is primarily caused by
static friction of the active suspension that was not modeled when
designing the controllers. This static friction is also the cause of
controller 1 not being the most comfortable controller as was ex-
pected form simulations. Furthermore, vibrations that travel
through the test setup influence the measurement.



Fig. 10. Simulation and measurement results of weighted sprung acceleration and
dynamic tire compression for all controllers on smooth and rough road as a
percentage of passive BMW performance for the quarter car case.

Fig. 11. Force as a function of time for both the active suspension strut and BMW
suspension, with Spring + damper indication the force created by the passive spring
and damper that are installed in the active strut. BMW indicates the force that the
BMW suspension creates.

Fig. 12. Simulation and measurement results of mean supply power for all
controllers on rough road.

Fig. 13. Measured versus simulated road displacement, sprung acceleration,
suspension travel and actuator force when driving over a speed bump with best
comfort controller.
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To make the workings of the actuator more insightful a force
versus time plot is made in Fig. 11. There it can be seen that the
passive force the active suspension creates is almost exactly coun-
teracted by the active suspension thereby minimizing the force on
the sprung mass and hence its acceleration.

An improvement in dynamic tire deflection of 31% can be
achieved with the controller most focussed on handling (controller
11). Comfort is deteriorated by 19%. Effects of the frequency
weighting filters is clearly visible here, since non-weighted vertical
acceleration is deteriorated by 75% thereby showing that most ver-
tical vibrations occur outside of the human sensitivity range. Max-
imum power consumption is 108 W for the best comfort controller
as Fig. 12 shows. This deviation from simulations is explained by
higher forces resulting from static friction and higher suspension
velocities. Furthermore, switching losses are not included in simu-
lations. This causes the measured power to be higher. The smallest
power consumption is recorded for controller 5. This is caused by
the performance of this controller being close to the performance
of the active suspension in passive operation, thereby only requir-



Fig. 14. Maximum structured singular value for all eleven controllers.

212 T.P.J. van der Sande et al. / Mechatronics 23 (2013) 204–212
ing small forces. Considering the 500 W power consumption deter-
mined by Lauwerys [16], this system only consumes roughly 1/5th
the power consumption of a hydraulic system whilst still offering
significant improvements in both comfort and handling.

The behavior on a 3 cm speed bump has been analysed. The
comfort optimal controller is loaded in an attempt to make negoti-
ating the speed bump as comfortable as possible. As can be seen
from Fig. 13 the maximum sprung acceleration is reduced with
53% compared to the BMW. This improvement, however, does cost
some suspension travel. The maximum absolute actuator force is
944 N with a peak power demand of 884 W. The noise that can
be observed on the sprung acceleration is caused by a setup reso-
nance at 455 Hz, otherwise simulations and measurements match
closely.

Dependency of the controller on forward velocity, as appears
from (3) is little, as is already clear from the simulations performed
on a deterministic road surface. Simulations with different forward
speed and thus also different crossover point do not give worse
results.

6.1. Stability

As was discussed in Section 5.2 robust stability is determined by
the condition l(M(jx)) < 1, "x if �rðDÞ 6 1;8x. As Fig. 14 shows
this requirement is met for all eleven controllers. All worst case
gains were achieved for a damping value of 900 Ns/m, tire stiffness
of 370e3 N/m and sprung mass of 352.5 kg. Note that due to the
use of a grid to determine l this is an approximation of the true l.

Remark 2. A case study has been presented that shows the
benefits of active suspension. However, the design procedure can
also be used when designing for different types of active suspen-
sion systems. Furthermore, the weighting filters give a clear
indication of what criteria should be used in assessing the
performance of a suspension system.
7. Conclusion

A robust controller is developed for an electromagnetic suspen-
sion system using a quarter car model. Parametric uncertainties
are included in the quarter car model accounting for possible vari-
ations in the plant. Frequency dependent weighting filters are cho-
sen such that either maximal comfort or best handling is achieved
given the constraints of maximum suspension travel and actuator
force. Stability of the controller is shown using the structured sin-
gular value which was smaller than 1 for all eleven controllers.
Measurements show that a 41% improvement in comfort limited
by suspension travel or a 31% improvement in handling deter-
mined by maximum RMS actuator force can be achieved with
the active suspension compared to the passive BMW suspension.
When driving over a three centimeter speed bump, comfort can
be improved by 53%. Differences between measurements and sim-
ulations are explained by static friction in the active suspension. Fi-
nally, power consumption is 80% less than a hydraulic system.
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