
H1 Feedback Control for signal tracking on a 4 poster test
rig in the Automotive Industry

J.De Cuyper(1), J. Swevers(2), M. Verhaegen(3), P.Sas(2)
(1) LMS International, Interleuvenlaan 68, 3001 Leuven, Belgium
(2) Katholieke Universiteit Leuven, Depart. of Mechanical Eng., Celestijenlaan 300B, 3001 Leuven, Belgium
(3) University of Twente, Faculty of Applied Physics, Meas. & System Eng., P.O.Box 217, Drienerlolaan 5, NL
-7500/7522 AE/NB Enschede
e-mail : joris.decuyper@lms.be

Abstract
This paper discusses the design of a H1 control system. The controller is validated on 1 axis of an industrial
hydraulic test rig which is used in the automotive industry for vibration comfort evaluations of new vehicle
prototypes. The designed H1 controller is a SISO (Single Input Single Output) feedback controller and is used
in combination with an industrial available feed-forward controller. The experimental results show that the total
controller (feed-forward + H1 feedback) reduces the tracking error compared to the feed-forward controller
only. Future work will concentrate on the extension towards the MIMO (Multiple Input Multiple Output) case.

1. Introduction

The motivation for this research comes from the auto-
motive industry where car manufacturers imitate road
test drives on multi axial hydraulic test rigs (see fig-
ure 1). The goal is to drive the hydraulic shakers of
the test rig in order to excite the car such that sig-
nals measured on the car during one test drive (called
target signals), are reproduced on the test rig. Cur-
rently existing software packages like LMS Interna-
tional’s ’Time Waveform Replication’ [9], control test
rigs with an iterative off-line control algorithm, as
explained in more detail in section 2.. This indus-
trial available controller can be considered as a feed-
forward controller. Controlling the test rigs in real-
time, by closing the loop with a feedback controller,
can improve the accuracy and speed of the test rig
simulations substantially. This paper presents the de-
sign and validation results of such a real-time feed-
back controller.

Various researchers already reported different con-
trol techniques to improve the classical iterative off-
line control technique. Peng and Mianzo [7] describe
an LQ and H1 approach for the control of a durabil-
ity simulator. De Cuyper et alii [3] describe the ap-
plication of a LQ and pole placement feedback con-
troller on a laboratory set-up. In his PhD disseration
Raath [1] suggests to use time domain models instead
of the classically used frequency domain models.

During the replication of target signals on hy-

draulic test rigs, physical limitations of the actuators
and the sensors impose limits on the frequency band
which can be controlled. This suggests for the feed-
back controller design to put emphasis on this fre-
quency band as well. Therefore, this paper proposes
an H1 control design approach, since H1 control
allows explicitly to specify performance and robust
stability criteria within a certain frequency band of
interest.

The paper is structured as follows. Section 2. de-
scribes in more detail the state-of-the-art multi axial
test rig control algorithms. Section 3. explains the
basic concepts of H1 control which are relevant to
this research and how the H1 controller is combined
with the industrial available feed-forward controller.
Section 4. continues with a description of the exper-
imental set-up. Section 5. explains how the system
was identified and section 6. highlights the design of
the H1 controller based on the identified model. Sec-
tion 7. shows the experimental results and section 8.
presents the main conclusions.

2. Controlling multi axial test
rigs: state-of-the-art

2.1 The use of multi axial test rigs

When designing a new vehicle, car manufacturers
make extensively use of test drives on public roads



and test tracks. During these test-drives, accelera-
tions, forces and displacements are measured at some
specific points of the car. On the one hand, these mea-
surements are indispensable to optimize the design of
the car for aspects such as durability and comfort. On
the other hand, test drives on the road are very expen-
sive and uncomfortable for the driver who has to drive
for hours and hours on often severe roads. Therefore,
test drives are replaced as much as possible by simu-
lations on a multi axial test rig in a test lab. The multi
axial test rig consists of hydraulic shakers, which ex-
cite the car such that the responses measured during
one test drive on the road are replicated as accurately
as possible in a laboratory environment. The simu-
lation is evaluated by comparing the laboratory mea-
surements with the target signals, i.e. the measure-
ments during the test drive.

The number of shakers of an industrial test rig is
minimally equal to 4 - allowing a vertical excitation
of the 4 wheels of the car - and can go up to 16 allow-
ing to impose on each wheel axis a displacement (or
force) in all 3 directions and a breaking torque. Each
of the shakers is controlled by means of a PID con-
troller. Figure 1 shows the industrial test rig with 4
shakers, i.e. a so-called 4 poster, used for the experi-
ments described in this paper.

Figure 1: Experimental set-up: industrial 4 poster test
rig

2.2 Controlling multi axial test rigs:
solving a multivariable tracking
problem

Controlling multi axial test rigs is a multivariable
tracking problem. The goal is to calculate appropri-
ate input signals for the system, such that the outputs
of the dynamic system match given reference signals.

In this case, the dynamic system consists of the com-
plete test rig including PID controllers, shakers and
the car, while the reference signals are the target sig-
nals measured during the test drive on the road.

Dodds [4] was the first to suggest a frequency
domain approach to solve this multivariable track-
ing problem. Today, different software packages are
available based on this approach, like for example
LMS International’s ’Time Waveform Replication’
[9]. Basically, the required inputs (also called the
’drives’) are calculated in the frequency domain by
multiplying the Fast Fourier Transform of the targets
with the inverse of a measured Frequency Response
Function (FRF) model of the system. Because of
non-linearities, model inaccuracies and external dis-
turbances, this off-line calculation leads to an itera-
tive procedure in which the errors, i.e. the differences
between the measured signals in the test lab and the
target signals, are minimized. The complete iterative
drive calculation procedure is explained in more de-
tail in [8] and [2].

As already mentioned, the calculation of the drives
is currently an off-line feedback process, meaning
that the measured outputs are fed back to the com-
puter only when a complete acquisition has been
done. Feeding back the output signals in real-time,
by adding a feedback controller can improve the
drive calculation procedure substantially. This paper
presents the design and experimental validation of a
H1 feedback controller meant to reduce the tracking
error on the acceleration of the front-left wheel axle
of the car mounted on the rig.

3. H1 control: basic concepts

A tutorial introduction to H1 control is given in [6].
A more complete overview ofH1 control techniques,
how they can be used in a practical control problem
and the mathematical details on H1 control can for
example be found in [11] and [12].

This section discusses the basic concepts of H1
control which are relevant to this research.

3.1 Feedback control scheme

Figure 2 shows a 1 DOF feedback control scheme.
Note that, for simplicity, disturbances and measure-
ment noise are not considered.

The reference (or target) signals are denoted by r,
the input to the controlled system G is u, the output
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Figure 2: 1 DOF feedback control scheme

of the system is y. The loop is closed by feeding back
the tracking error e = r � y to the controller K .

The feedback controller design is based on the
control scheme depicted in figure 2. The off-line cal-
culated feed-forward signal is then added afterwards
to the here calculated control input.

3.2 Closed-loop transfer functions

It is well known that the closed-loop transfer func-
tions play a primordial role in a controller design.
Following closed-loop functions are defined:

� the loop transfer function L:
L � GK

� the sensitivity function S:
S � (I +GK)

�1
= (I + L)

�1

� the complementary sensitivity function T :
T � (I +GK)

�1
GK = (I + L)

�1
L

The role which is played by these transfer func-
tions can be seen from the following signal equations,
derived directly from figure 2. The signal equations
are valid at each frequency, but for simplicity, the de-
pendence of the frequency is not explicitly noted.

y = GK(r � y)

= (I +GK)
�1
GK r

= Tr

(1)

and

e = r � y

= (I � T )r

= Sr

(2)

in which use is made of the identity

S + T = I (3)

Equation (2) shows that the sensitivity function S

is a performance indicator: the lower the sensitiv-
ity function, the lower the tracking error and hence,
the better the performance. It can be shown (see

for example [11]) that, when also taking into account
model uncertainties, stability in the presence of multi-
plicative uncertainty (i.e. robust stability), is obtained
when T satisfies jT j < 1=jwI j, where jwI j is at each
frequency equal to the magnitude of the multiplica-
tive uncertainty. So, to obtain a stable closed loop
system, T should be made small in frequency regions
where the model uncertainty is large. This is also al-
ready suggested by equation (1) which indicates that
a small T leads to a small output y (and hence a con-
troller with small gains which is unlikely to cause in-
stability).

In this way, a trade-off is made between a small
sensitivity function S for good performance and a
small complementary sensitivity function T for ro-
bust stability. The constraint (3) shows that they can-
not be made small simultaneously at the same fre-
quency. Hence, the goal is to design a controller
which has a low sensitivity function S in the fre-
quency band of interest and a low complementary
sensitivity function T outside this band.

3.3 The term H1

The H1 norm of a transfer function G(s) is the peak
value of the largest singular value � of G(j!) as a
function of frequency, that is,

kG(s)k1 � max
!

�(G(j!))

In the case of a SISO system, the H1 norm is sim-
ply the peak value of jG(j!)j.

The H1 control methods tries to minimize the
H1 norm of some selected closed-loop transfer func-
tions like S or T . By including weighting functions in
the H1 control problem, the designer can shape the
closed-loop transfer functions according to his spe-
cific needs.

3.4 Weighting functions as upper
bounds on closed-loop transfer
functions

Let 1=jwP (s)j be a desired upper bound on the mag-
nitude of S, where wP (s) is a weighting function
specified by the designer. Then requiring that

jS(j!)j < 1=jwP (j!)j;8!;

is equivalent to

jwP (j!)S(j!)j < 1;8!;



or

kwP (j!)S(j!)k1 < 1:

These equations show how the specification of an
upper bound on the sensitivity function S leads to a
condition on the H1 norm of the weighted sensitivity
wPS.

3.5 Shaping different closed-loop func-
tions: mixed sensitivity

The previous section explained how to specify an up-
per bound on the sensitivity function S by making use
of the performance weighting function wP . However,
since control design is always a trade-off between
performance and robust stability, other requirements
need to be taken into account; for example the re-
quirement that T is small outside the frequency band
of interest.

To combine these requirements on different
closed-loop functions, the so-called mixed sensitivity
approach [11] can be applied. In this approach, spec-
ifying an upper bound 1=jwP j on jSj and an upper
bound 1=jwT j on jT j, results in the following overall
requirement:

kNk1 = max
!

�(N(j!)) < 1; N =

"
wPS

wTT

#

After selecting the different closed-loop functions
to be taken into account and their weighting func-
tions, the H1 optimal controller is obtained by solv-
ing the problem

min
K

kN(K)k1

where K is a stabilizing controller.

3.6 Limitations on the shape of S and T

When specifying the H1 control problem, it is im-
portant to note that S and T cannot be given any de-
sired shape as a function of frequency.

The first limitation is given by equation 3,

S(j!) + T (j!) = I;8!;

indicating that S and T cannot be made small si-
multaneously.

A second limitation is due to the so-called wa-
terbed formula, which, for a stable plant and the loop-
gain L having at least 2 more poles than zeros, is

Z
1

0
ln(jS(j!)j)d! = 0 (4)

This formula shows that the average value of
ln(jS(j!)j) is equal to zero, or: when jS(j!)j is
smalller than 1 (ln(jS(j!)j) < 0) in some frequency
region, it will be larger than 1 (ln(jS(j!)j) > 0)
in another region. Hence, peaking of the sensitivity
function S can not be avoided.

In the case when the plant contains unstable ze-
ros, the sensitivity function must satisfy an additional
integral relationship which further compromises the
performance. This additional integral relationship is
not discussed here, but, from this integral relationship
however, some interesting upper and lower bounds on
the achievable bandwidth can be derived [11]: it can
be shown that good performance is not possible in the
following frequency interval: [ !z=2 2!z ], with !z
the frequency of the unstable zero (in rad/s).

3.7 Total control scheme

The control scheme of figure 2 is augmented with
an off-line calculated feed-forward signal, which is
added to the feedback signal. This leads to the total
control scheme depicted in figure 3.
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Figure 3: Used control scheme: off-line calculated
feed-forward (uff ) + real-time feedback (ufb)

As already mentioned, the feed-forward signal is
calculated with the industrial available controller, de-
scribed in more detail in [2]. Note also that the feed-
forward signal is calculated based on an open-loop
model of the plant G, so not taking into account the
feedback loop.

4. Experimental set-up

The experimental set-up consists of the 4 poster test
rig shown in figure 1. Wheel pans and belts con-
nected to the vehicle chassis are provided to avoid the
vehicle rolling off the rig during the tests. For the
feedback experiments described here, only the front-
left wheel of the car was excited and one accelera-
tion is measured on the front-left wheel axle, hence



a SISO (Single-Input Single-Output) system is con-
sidered. The input of the system is the displacement
of the shaker. The hydraulics of the shaker are con-
trolled by a PID controller to ensure that the imposed
displacement is indeed realized by the shaker. The
frequency band of interest for the experiments lies be-
tween 2 and 25 Hz. A sampling frequency of 200 Hz
was used.

5. Experimental system identifi-
cation

An experimental approach is used to identify the
SISO system. The car is excited with a periodic
noise signal. The spectrum of the signal is flat up
to 5 Hz and rolls off for higher frequencies to avoid
a too large input amplitude. After calculating the
non-parametric Frequency Response Function (FRF)
based on a Maximum Likelihood Estimator [10], the
state space model is obtained using Non-Linear Least
Squares Frequency Domain identification, see also
[10]. The best trade-off between model complexity
and accuracy was found with a 4th order model.

Figure 4 shows a comparison between the mea-
sured FRF and the transfer function derived from the
state space model. The figure shows that in the fre-
quency band of interest, i.e. between 2 and 25 Hz,
there is a good match between both models.
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Figure 4: Comparison between non-parametric FRF
model with transfer function from state space model

Important from a control point of view, are the
poles and zeros of the state space model, which are
shown in figure 5. The figure shows that the model
contains 1 non-minimum phase zero, at � = 1:0233.
When using the same discrete-time to continuous-

time conversion formulas for zeros as for poles [5],
this zero is found to be lying at 0.74 Hz. As explained
in section 3.6, this unstable zero will limit the perfor-
mance in a frequency band between 0.37 Hz and 1.48
Hz. Since this band has no overlap with the frequency
band of interest here (i.e. between 2 and 25 Hz), this
unstable zero is not expected to cause performance
problems.
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Figure 5: Poles and zeros of the identified state space
model

6. H1 Feedback Controller de-
sign

The H1 controller is designed making use of the
mixed sensitivity approach in which the sensitivity
function S and the complementary sensitivity func-
tion T are taken into account, see section 3.5.

The weighting functions wP and wT provide the
tools to specify the trade-off between performance
and robustness of the controller. When tight perfor-
mance bounds are specified, the controller will re-
act strongly but may be unstable on the actual test
rig. For safety reasons, the controller design is started
with very loose performance bounds, resulting in a
controller with very small gains to ensure stability of
the controller on the 4 poster. Then, the performance
bounds are made more and more tight to gradually
increase the performance of the controller. During
the experiments, when increasing the controller per-
formance, attention is paid to the amplitude and fre-
quency content of the obtained feedback signal.

Figure 6 shows the amplitude of the inverse of the
specified performance weighting function wP and the
obtained sensitivity function S.
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Figure 6: Sensitivity function S and inverse of
weighting function wP

Figure 6 shows that there are two peaks in the sen-
sitivity function which could lead to stability prob-
lems of the closed loop system. The experiments
showed that the first peak did not lead to any stability
problems. The second peak however (around 66 Hz)
caused the effect that, the higher the controller perfor-
mance in the frequency band of interest, the larger the
feedback signal around 66 Hz as well. So, to preserve
robust stability, the performance could not be further
increased.

Figure 7 shows the amplitude of the inverse of
the specified weighting function wT and the obtained
complementary sensitivity function T . Note that the
bound specified by this weighting function is not tight
at all. This weighting function is mainly used to re-
duce the controller gains at very low frequencies and
at the high frequencies.

7. Experimental results

Figure 8 shows the different time signals measured
on the front-left wheel axle. A comparison is shown
between the reference signal (’target’); the signal ob-
tained when sending out the feed-forward signal only;
and the signal obtained with the closed loop system.
All signals are filtered between 2 and 25 Hz.

Note that when calculating the feed-forward sig-
nal, the target signal has been reduced by 50%. The
use of these reduction factors is always used when
controlling test rigs; the reason is to guarantee a safe
approach: the non-linear behaviour of the rig with ve-
hicle can cause a large mismatch between the model
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Figure 7: Complementary sensitivity function T and
inverse of weighting function wT

and the actual system which could result in an over-
excitation of the test rig when not using a reduction
factor. The classical off-line approach then continues
by gradually correcting for the remaining difference
between measured signals and target signals until sat-
isfactory target reproduction has been obtained.
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Figure 8: Comparison of target signal with signals
measured when using feed-forward only on the one
hand and with the H1 controller on the other hand

Figure 8 clearly shows the improvement of the re-
sponse when making use of the total controller (feed-
forward at 50% + H1 controller) with respect to the
classically used feed-forward controller at 50%. The
shown segment is representative for the complete time
signal.

The same result can be represented in the fre-
quency domain by a comparison between the Power



Spectral Densities (PSD’s) of the mentioned signals.
Figure 9 shows these results. Also in this figure, the
improvement is clearly visible.
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Figure 9: PSD comparison of target signal with sig-
nals measured when using feed-forward only on the
one hand and with the H1 controller on the other
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As already mentioned, the limiting factor on the
performance of the feedback controller lies in the
peak of the sensitivity function at 66 Hz. Further in-
creasing the performance of the controller would re-
sult in larger and larger feedback signals or even an
unstable closed loop system: the peak in the sensitiv-
ity function indicates that the loopgain L is close to
the critical point -1 and when the state space model
differs significantly from the true system at this fre-
quency, the point -1 can even be encircled resulting
in an unstable closed loop system. Identifying a state
space model up to higher frequencies would reduce
the mismatch between the state space model and the
real system and maybe can overcome this limitation.

8. Conclusion

This paper discusses the design of an H1 feedback
controller which can be used together with an indus-
trial available feed-forward controller. The applica-
tion is situated in the automotive industry where the
goal is drive multi axial hydraulic test rigs, such that
some signals measured during a test drive are repro-
duced on the test rig.

TheH1 controller is designed with the mixed sen-
sitivity approach in which weighting functions on the
sensitivity function S and the complementary sensi-
tivity function T are defined. The weighing functions

are specified such that the feedback controller is ef-
fective in the frequency band of interest, i.e. between
2 and 25 Hz.

The combination of the feed-forward controller
and the here designed H1 feedback controller is val-
idated on the front-left corner of a 4 poster test rig (1
input, 1 output). The experimental results show that
the proposed control scheme (feed-forward + H1
feedback) improves the response when compared to
the classically used feed-forward controller only.

Further research will focus on further increasing
the performance of the feedback controller and the
extension towards the MIMO case.
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