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ABSTRACT 
This paper presents adaptive robust controllers for force 

tracking application in a quarter-car active suspension system.  
In previous publications (Chantranuwathana and Peng 1999a, 
1999b), an active suspension architecture was presented.  The 
overall active suspension system was decomposed into two 
loops.   At the main-loop, the desired force signal is calculated 
while the sub-loop force tracking controller tries to keep the 
actual force close to this desired force. An Adaptive Robust 
Control (Yao and Tomizuka 1997) design technique was used 
to achieve good force tracking performance in a robust manner 
under plant uncertainties.  It was found that force-tracking of 
up to 5Hz can be reliably achieved.  It is, however, found to be 
unreliable in experiments, especially when high frequency 
disturbances are present.  In this paper, we will show that 
unmodeled dynamics and especially, the delay (first order lag) 
in implementing the control signal is a main cause of the 
problem.  With this insight, three controller modifications are 
proposed to reduce the effect of the unmodeled dynamics, 1) 
include the actuator dynamics in the ARC design, 2) 
cancellation of the actuator dynamics and 3) online-adaptation 
of an ARC parameter.  A number of simulation results will be 
presented to show the effect of these remedies.  The last two 
modifications were found to be promising for actual 
implementations. 

1 INTRODUCTION 
Despite a long list of research papers published in the 

active suspension area (see Hrovat 1997 for a comprehensive 
list of references), a closer examination shows that most of 
these algorithms focused on the main-loop design.  In other 
words, figuring out the proper control force as a function of 
vehicle states and road input variables.  The majority of the 
existing literatures assume that the commanded force can be 
achieved accurately.  Simulation verifications of these main-
loop designs were frequently done without considering actuator 
dynamics.  In reality, actuators that can push/pull the vehicle 
sprung mass (up to several thousand pounds) at frequencies up 

to several hertz are extremely bulky and expensive.  At this 
level of force actuation, hydraulic actuators remain to be one of 
the most viable choices due to their high power to weight ratio.  
However, they are highly nonlinear and their force generation 
capability is closely coupled with the vehicle body motion 
(Alleyne 1999).  Therefore, the sub-loop (force-tracking) 
control design for hydraulic actuation systems is not a trivial 
task.  When a less-capable actuator is used, the sub-loop design 
needs to be carried out.  The resulted sub-loop dynamics can 
then be included in the main-loop (LQ/LQG and so forth) 
design tradeoffs.  Despite of the abundance of simulation 
results published in the literature, a few experimental 
verifications were reported and most of them are confined to 
low disturbance and low frequency regions. 

In a previous publication by the authors 
(Chantranuwathana and Peng 1999b), design, simulation and 
experiment results of a nonlinear force-tracking controller were 
reported.  The sub-loop was designed based on the Adaptive 
Robust Control (ARC) technique, which can achieve superior 
performance.  It was found that force-tracking of up to 5Hz 
could be reliably achieved experimentally. In addition, we have 
incorporated a force observer in the overall control loop.  The 
ARC technique was modified to guarantee the tracking 
performance when a force observer is used (i.e., when full-state 
feedback is not available.) 

The proposed algorithm was found to work unsatisfactorily 
in experiments.  The system can become unstable when used 
with an LQ main loop especially when the system experiences 
high frequency road disturbances.  In this paper, we will show 
that unmodeled dynamics and especially, the delay (first-order 
lag) in implementing the control signal might have caused the 
problem.  Having this insight, three controller modifications are 
proposed to reduce the effect of the unmodeled dynamics, 1) 
include the control signal delay in the ARC design, 2) 
cancellation of the dynamics and 3) online-adaptation of an 
ARC parameter.  A number of simulation results will be 
presented to show the effect of these remedies. 
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The remainder of this paper is organized as follows: The 
quarter-car suspension, including the hydraulic actuation 
system, is modeled in Section 2.  The ARC control algorithm 
for the force-tracking loop is summarized in Section 3.  In 
section 4, problem experienced from applying the controller in 
section 3 is discussed.   An explanation is presented along with 
proposed solutions.  Preliminary simulation results are shown 
in Section 5.  Finally, conclusions are drawn in Section 6.  

2 MODELING 
A quarter-car suspension system (Fig. 1) is studied in this 

paper.  In Figure 1, the variables sm , usm , sk , usk , sc  and usc  
denote the mass, stiffness and damping rate of the sprung and 
unsprung elements, respectively.  The variables xc , xw  and xr  
are the displacements of the car body, wheel and road, 
respectively. An actuator is assumed to be placed between the 
sprung and unsprung masses and can exert a force Fa in 
between ms  and usm . 

 
Figure 1.  The Quarter-Car Model 

 
The linear dynamic equations for this quarter-car 

suspension are: 
acwscwscs Fxxcxxkxm +−+−=⋅ )()(  (2.1) 
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which can be written in a state-space form: 
uBXAX 11 +=     (2.3) 

where T
ccwwwr xxxxxxX ],,,[ −−= and T

ra xFu ],[= .  Fa is 
the input and rx  is the disturbance to the suspension system. 

 
Figure 2. The Electro-Hydraulic Actuator 

The hydraulic actuator is assumed to consist of a spool 
valve (servo-valve) and a hydraulic cylinder as shown in Fig. 2.  
Ps and Pr is the supply and return pressure going into and out 
of the spool valve, respectively.  spx  is the spool valve 
position.  Pu and Pl are the hydraulic pressure in the upper and 
lower cylinder chambers respectively, which determine the 
force generated by the actuator. cw xx −  is the hydraulic piston 
displacement and also is the relative displacement between the 
car body and the wheel.  This dual-role, together with the fact 
that hydraulic fluid is essentially incompressible implies tight 
dynamic interaction between vehicle motion and actuator force. 

The spool valve displacement ( spx ) is assumed to relate to 

the servo-valve current ( svi ) through the following transfer 
function: 
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In earlier works by the authors, this dynamics were 
assumed to be sufficiently fast and were not considered in the 
control design process.  In other words, we assumed that the 
relationship between spool valve current and displacement is 
algebraic.  Therefore, the spool valve displacement was treated 
as the control input.  It will be shown later in Section 4 that the 
actuator dynamics are important and should be considered in 
the controller design.   

Letting Pu = Ps /2+∆Pu, Pl=Ps/2+∆Pl, and assuming 
that ∆Pu ≈ -∆Pl ≈2ApFa, the force dynamics were found to be 
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where Ap  is the average piston area, V is the average volume 
of each chamber at equilibrium, β is the effective fluid bulk 
modulus, and Kxd  is the orifice flow coefficient.   The 
parameter values are shown in Table 1. 

Table1. Plant Parameters 

 

3 TWO-LOOP CONTROLLER DESIGN 
The active suspension system was decomposed into two 

loops. Fig. 3 shows a proposed schematic diagram of the 
control architecture.  The dashed lines in the figure represent 
mechanical signals.  At the main-loop, the desired force signal 
is calculated while the sub-loop tries to keep the actual force 
close to the desired force.  A main benefit of this architecture is 

ms 243 kg τ 0 .0046 sec 
mus 40 kg Ap

  0.0011 m2 
cs

 370 N/m/sec Kxd  .0011 m3/sec/N1/2 

cus
 414 N/m/sec V  1.16e-4 m2 

ks
  14671 N/m β  4.4e7 N/m2  

kus
 124660 N/m Ksv  0.0157 m/A 

Ps 1000 Psi   

 cx  

 wx  
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that numerous outer-loop designs were reported in literature.  
These controllers can be directly used for the outer-loop 
controller design.  In this work, an LQ controller is selected. 

Recently, an Adaptive Robust Control (ARC) method was 
introduced (Yao and Tomizuka 1997) which combines the 
benefits of Deterministic Robust Control and Adaptive Control 
techniques.  This technique has been applied to the control of 
fluid power and robotic systems and favorable results were 
obtained.  In this research, we applied the ARC technique to 
design the force-tracking (inner-loop) controller.  Due to the 
fact that the details were presented in a previous paper, only 
critical equations are summarized below. 
 

Suspension 
System 

Outer Loop
Controller 

Measurements 

Hydraulic 
Actuator 

Force 

Suspension Speed 

svi
Controller 

OUTER LOOP

INNER LOOP 

Desired Force 

Road Disturbance 

 
Figure 3. Controller Architecture 

3.1 State Feedback ARC 
The force dynamics (Eq. 2.5) can be rewritten as: 

dukFkxxkF acwa ++−−= ])([ 3211θ   (3.1) 

where 2
1 2 pAk = , pKk =2  and xdp KAk 23 =  are known 

parameters, 
V
βθ =1  is an unknown parameter that changes 

mainly due to the change of β. d denotes general uncertainties 
arise from unmodeled dynamics and disturbances, and  

paspssp AFxPxu /)sgn(−=    (3.2)  

is the newly defined control signal.  1θ  and d are assumed to be 
constrained within known upper and lower bounds: 

Mm 110 θθθ <<<  and  Mdd < .  The reason we choose 1θ  as 
the main unknown factor is that the bulk modulus of fluid is 
known to change dramatically even when only a small leakage 
is present.  It should be noted that an extra term ( 2k ) was 
added to make the model more general, as this term is present 
in several other research papers.     

By following the procedure outline in a paper by Yao 
(1997), an ARC control law was designed which consists of 
two parts: an adaptive part (u1a) and a robust part (u1s).  In 
particular, 

sa uuu 11 +=  .    (3.3) 
The adaptive part is chosen to be 
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where Fd is the desired force, e1 is the tracking error (Fa-Fd),  

πθ1̂  is a bounded projected estimate of 1θ , 1p  is a tunable 
parameter, and the adaptation law is chosen to be 
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adaptation gain.  The robust control part is chosen to be: 
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where M1π  is a positive number such that tM ∀≥ ,~
11 πθπ , and 

11ε  and 12ε  are adjustable small positive numbers.  It was 
shown in Chantranuwathana and Peng (1999a) that the system 
output Fa tracks the desired force Fd asymptotically (e1 0) if 
no general uncertainties are present (d = 0).  In general (when d 
≠ 0), the tracking accuracy can be described by: 

1211
2
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Eq. (3.7) implies that the tracking error reduces to a bounded 
set asymptotically. Furthermore, the rate of convergence can be 
adjusted arbitrarily by increasing p1 and the size of the set can 
be adjusted arbitrarily by reducing the ε’s.  Final tracking 
accuracy can be calculated from Eq. (3.7) as 

 
1

1211
1 p

e εε +≤ , as t 0.   (3.8) 

Note that u is not the actual control signal. To compensate 
for the servo-valve dc gain (ksv in Eq. 2.4), the actual control 
signal (servo-valve current) is set to be  

passv
sv AFuPk

ui
/)sgn(−

= .  (3.9) 

In order to use Eq. (3.9), Fa needs to be measured.  Since force 
sensors are usually costly and noisy, an ARC controller based 
on a force observer was also presented in Chantranuwathana 
(1999a).  A modified ARC controller was designed by adding a 
nonlinear damping term (Krstic 1995) to counteract the 
destabilizing effect of the observer.  This can be viewed as a 
special type of output feedback ARC controller while the 
controller in Section 3.1 is a full-state feedback controller.  A 
more general solution of the output feedback ARC in a linear 
SISO form was presented by Xu (1999). 

If not stated otherwise, the following numbers will be used 
in all simulations: 11ε  = 12ε  = ε  = 15000, p1 = 140, dM = 100, 

M1θ  = 1.05θ, m1θ  = 0.9θ, 1̂θ  = 0.95θ, k1 used in the controller 
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= 1.05k1, k3 used in the controller = 0.95k3.  The controller will 
be implemented in discrete time with 2000Hz sampling 
frequency. The outer-loop LQ gain was set at K = [4.6e+4, 
−1.1e+3, −2.5e+3, 3e+3].  Noises were added to the 
measurement in the level present in our actual experiment 
setups.  Small delays (500Hz first order system) and 
quantizations were also implemented. The input current, isv, has 
a saturation limit of 30mA. 

Although the adaptation of θ may be beneficial, it is only 
so when the system is perfectly modeled with only parametric 
uncertainties.  It is the main concern of this work that the model 
form is not perfect.  Hence, we will not activate the adaptation 
of θ in this study.  Finally, note that a modification is needed to 
find dF  and dF  which are not available.  In particular, the 

ARC will instead track a filtered Fd ( dF ′ ), in which dF ′  and dF ′  
are available. 

4 PROBLEMS AND SOLUTIONS 
The sub-loop system with the above controller was tested 

experimentally.  It was found that force-tracking of up to 5Hz 
can be reliably achieved.  It was, however, found to fail 
intermittently in experiments where the outer loop was 
implemented, especially when the road excitation is there is 
large and/or high frequency.  We suspect that unmodeled 
dynamics such as from the servo-valve might have caused the 
problem.  Basically, the delays and the imperfect cancellation 
of cw xx −  (Eq. 3.1) due to the servo-valve dynamics might 
have been the main problem.  Since, the ARC controller was 
not designed for these unmodeled dynamics, it may not 
perform as expected.  In this work, the effect of servo-valve 
dynamics will be investigated.  Since there is always some 
delay in implementing the input signal, it is important to see its 
effect in ARC controlled systems. 

4.1 Effect of Servo-valve Dynamics 
In an earlier design, the servo-valve dynamics were 

assumed to be fast and thus were omitted in the control design.  
This greatly reduced the complexity of the controller.  In this 
section, we will attempt to quantify effects of omitting servo-
valve dynamics when designing the ARC controller.  There are 
several dynamics in the active suspension system not 
considered in the ARC designed, the delay in issuing the 
control input (such as the servo-valve) always, more or less, 
exists among physical systems.  Here, the effect of a delay is 
approximated by a first order system.  The implication of the 
delay to be presented might also be applied to others such as a 
zero order hold giving that the sampling rate is much faster 
than the system dynamics (i.e. when the controller is 
implemented digitally.) 

The two dynamic equations involve in this studies are 
rewritten here (from Eqs. (2.4) and (3.1)): 

dukFkxxkF acwa ++−−= ])([ 3211θ ,  (4.1) 
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where u is defined as paspssp AFxPx /)sgn(− .  Since the 

controller was designed for u, it is necessary to transform the 
state in Eq. (4.2) from xsp to u.  From Eq. (3.2) we have: 
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+−−−= .  Here, ud is 

introduced to distinguish between the state u and the control 
signal u.  In particular, ud represents the control signal u 
designed in section 3.1, i.e. ud = u1a+u1s and u represents the 
state. 

By linearizing the system (Eq. (4.1) and Eq. (4.2)), a stable 
linear autonomous system can be obtained by assuming that 
there is no uncertainty in the model.  A Lyapunov function can 
be found as: 

2112
2

222
2

111 2 zepzpepV ++= ,  (4.4) 
where z2= u - ud.  This Lyapunov function will be used for the 
nonlinear system (Eqs. (3.10) and (3.12)).  Differentiating this 
V with respect to time and using the control law ud = u1a+u1s, 
we have: 

).2 (2
2)(22

11222231112

2112121111
2
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Note that, if z2 ≡ 0, Eq. (4.5) is analogous to Eq. (3.6).  Using 
certain values for the parameters in Eq. (4.5), we can plot out 
contour of V  as in Fig. 4.  

V = 0

Larger V

1e

 2z

-200 -100 0 100 200
-0.1

- 0.05

0

0.05

0.1
V  Contours

V > 0

V < 0

 
Figure 4. Contours of V as Function of e1 and z2 
In Fig. 4, the shaded areas represent areas where V  is 

negative.  The darker areas represent a lower value of V . The 
non-shaded areas are areas where V is positive.  Since the 
V >0 area is not bounded this figure alone does not imply 
stability unless z2 can somehow be bounded.  In general, z2 
depends on how fast the unmodeled dynamics are.   From Eq. 
(4.3), assuming that f is small, it can be seen that z2= u - ud will 
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be small if ud is small and is mainly compose of low frequency 
components.  It can be seen that the tracking error, e1, will be 
small if z2 is small.  The performance of the system thus 
depends on the size and the frequency of the control signal.  As 
seen in Eq. 3.4, one of the important factors that affect ud is the 
reference signal Fd.   Obviously, the control signal has to be 
fast to enable the output to track a fast signal.  This means that 
z2 will become big.  Therefore, the system can’t really track 
arbitrarily fast signal as suggest by the ARC design (Eq. 3.7).  
As the disturbance grows in magnitude and frequency, so is the 
desired force signal.  As a result, the performance of the system 
depended on the size and the frequency of the disturbance. 

Fig. 5 shows a close-up view of Fig. 4.  Fig. 6 shows the 
same V for a system with a more relaxed desired tracking 
performance.  It can be seen that the first design (Fig. 6) might 
give a good performance in the ideal case (with z2 ≡ 0 the |e1| 
converge to less than 10N, while it converts to less than 20N in 
Fig.6).  The system (Fig.5) is more suseptable to system 
imperfection such as servo-valve delay.  This can be seen as the 
width of the set with V  positive grows faster (than that of Fig 
6) as |z2| increase.  This sugests that we can’t set ε arbitrarily 
small, i.e., abitrarily close tracking cannot be achieved. 
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2z
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Figure 5. Contours of V (Desired Tracking Error=10N) 
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Fig 6. Contours of V (Desired Tracking Error=20N) 

In summary, it has been shown that the performance of the 
system is limited by the servo-valve dynamics.  Furthermore, it 
was also shown that this effect becomes larger as the 
performance requirement gets tighter (smaller epsilon).  
Knowing that the effect of the servo-valve can be significant, 
we proposed three methods to improve the control 
performance. 

4.2 Two-State ARC 
The first method is to simply include the servo-valve 

dynamics in the ARC design.  Using Eqs. (3.10) and (3.12), the 
one-state ARC in section 3.1 can be augmented (using the 
backstepping technique) to obtain a two-state ARC which 
includes the servo-valve dynamics in the design process.  By 
setting  

2
212  

2
1 zVV δ+= , where δ is a weighting factor, a  

performance equation in a form similar to Eq. (3.6) can be 
obtained.  As in many cases, when using the backstepping 
technique, the resulting control laws become quite complicated.  
The full form of the solution will be omitted.   
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Figure 7. Force Tracking Simulation, One-State ARC 
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Figure 8. Force Tracking Comparison, Two-State ARC 

Initial simulation results of the two-state ARC were carried 
out using the system set up as shown in Fig. 3.  The road 
excitation was set to rx = 0.1sin(10πt).  Figures 7 and 8 show 
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force tracking responses of the system equipped with a one-
state ARC and two-state ARC respectively.  Comparing the 
figures, it is clearly that the two-state ARC has a smoother 
force signal, i.e. less high frequency signal.  It should be 
pointed out that it is also possible to include the outer loop 
controller in the ARC design.  For example, when the outer 
loop is an LQ controller, the ARC backstepping process can 
start with an initial Lyapunov function for the suspension 
system (Eq.2.3), 

PXXV T=3  .     (4.6) 
In Eq. (4.6), P is the solution of a Lyapunov equation: 

QPKBAKBAP T −=−+− )()( 1111  where K is the LQ gain and 
Q is a positive definite matrix.  We can then obtain two 

Lyapunov functions 2
1134 2

1 eVV δ+=  and 2
2245 2

1 zVV δ+= , 

where δ1 and δ2 are positive weighting factors, to be used in the 
backsteppping technique.  In general, however, not all the 
states are measured.  Furthermore, the controller will be much 
more complicated.  Therefore, this “overall system Lyapunov” 
was not explored in this paper. 

4.3 Servo-valve Dynamics Cancellation 
As an alternative to including the servo-valve dynamics in 

the ARC design, we proposed to simply cancel out the servo-
valve dynamics.  In particular, we simply add a system with a 
transfer function: 

 1)s 
3

1)/(s ( ++ ττ     (4.7) 

at the output of the one-state ARC controller. The effect is to 
increase the speed of the servo-valve by 3 times. 
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Figure 9. Force Tracking Simulation (with servo-valve 

dynamics cancellation) 
Fig. 9 shows force tracking response for the same 

simulation as in Fig. 7, while the servo-valve dynamics 
cancellation was used in Fig. 9.  It can be seen that the 
performance is slightly improved. But more importantly, the 
servo-valve cancellation reduced the high frequency content of 
the force signal greatly.  From our experience, these high 
frequency inputs could destabilize the system.  It is believed 
that the vibration comes from the combination of the servo-

valve dynamics, nonlinearity in the controller and the fact that 
cw xx − cannot be cancelled completely.  As suggested in 

section 4.1, the system performance can worsen as the 
frequency or amplitude of the desired force gets higher.  Fig. 10 
shows the force tracking response of the system under a more 
intense disturbance ( rx ).  Under the same input, the system 
without the servo-valve compensation the system went unstable 
at around 0.25 second. 
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Figure 10. Force Tracking Simulation (large road 

disturbance, with servo-valve dynamics cancellation) 

4.4 Epsilon Adaptation  
Finally, a tracking performance parameter will be adjusted 

in real-time.  From earlier sections, we have shown that the 
effect of servo-valve is less severe if the desired performance is 
less stringent. By tuning ε, tracking performance of the system 
can be changed on the fly.  Conceptually, the performance 
requirement can be reduced (by increasing ε) when the input 
signal gets larger or have higher frequency content. Here, we 
propose a direct approach by looking at force instead of the 
control signal.  In this preliminary step, we will emphasize on 
the ability of the adaptation to keep the system stable more than 
keeping a good performance.  Therefore, we will increase 
epsilon when we detect that the system is going unstable and  
slowly reduce it otherwise.   

As a first step, an instability indicator needs to be 
constructed.  The design to be shown below is heavily based on 
experience on this particular system and may not apply in other 
cases.  In general, instability was triggered by an unmodeled 
dynamics not considered in the design.  It may start with 
vibrations at higher frequencies than the highest mode 
considered in the design and lower than that of measurement 
noises.  In this case, we observed that instability starts with 
vibration in between 80-120 Hz.  Knowing this, an instability 
indicator (Ind) is constructed as shown in the following figure. 

Band-Pass
Filter

Standard Deviation
Calculator
(last n points)

Tracking
Error
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Figure 11. Instability Indicator Construction 
The adaptation law for the epsilon was then chosen to be: 
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where 1η , 2η  and offsetF  are positive gains.  The term (2 Ind -  

offsetF ) is squared to reflect the square root dependency of force 
error on ε  (Eq. 3.7).  In the following simulation results, 

offsetF  was set to 10 N, 1η  = 2η  = 1000 and n = 20.  The 
controller was running at 1000 Hz.  The filter was a 2nd order 
band-pass Butterworth filter with cutoff frequencies at 70 and 
150Hz. ε  was limited to be between 15,000 to 100,000. 

Fig. 12 shows the simulation results for the ARC 
controlled system with epsilon adaptation.  The epsilon value 
was set initially at 15000 (equivalent to 10N desired final 
tracking error in the ARC design).  The larger road input 
(which directly influence the desired force, Fd) used in for a 
simulation as shown in Fig. 10 was also used here for the first 1 
second and then a less aggressive input was used for the last 2 
seconds.  Note that if the epsilon adaptation was not 
implemented, the system goes unstable at around .25 second.  
However, with the adaptation, the system was stable.  
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Figure 12. Force Tracking (with ε adaptation) 

 
Fig. 13 and Fig. 14, show the instability signal (Ind) and 

the adjusted ε value, respectively.  The adaptation algorithm 
detected an onset of instability and increases epsilon at around 
.25 sec, the time when the system goes unstable if the 
adaptation was not turned on.  Fig. 15 shows the force tracking 
results when ε is set to a high enough value for the system to be 
stable without any adaptation (ε = 60,000).  Although the 
system is stable, it sacrificed performance for stability.  It can 
be clearly seen that the force tracking is significantly better 
with adaptation.   In the last 1 second, standard deviation 
increases from 26.2N in Fig. 12 to 35.7N in Fig. 15.  Although 
the adaptation law is quite simple, it shows that adapting ε can 
prevent instability in case of unexpected large disturbances and 
regain its performance when normal operation returns. 

At this stage, we have not shown that the proposed 
controller will be always stable.  However, it can be seen that 
the properties of the ARC (as in section 3.1) are preserved no 
matter what adaptation law was chosen, as long as ε is 
bounded.  Since the model considered has only one state, ε  
does not appear anywhere in the ARC design.  Hence, all ARC 
properties discussed in Section 3.1 are preserved.  In general, 
however, caution must be taken if ε is allowed to be unbounded 
or when the system has more than one state. 
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Figure 13. Instability Indicator Trajectory 
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Figure 14. Epsilon Trajectory 
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Figure 15. Force Tracking (with a constant ε) 
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4.5 Effect of Sampling Frequency 
In this section, the effect of sampling frequency on 

controller performance is studied. In many cases, sampling 
frequency is one of the main limitations in applying robust 
controller.  For example, a switching mode controller can 
require a very fast sampling frequency in order to achieve 
satisfactory results. Because of the difficulty associated with 
the discretization of nonlinear systems, analytic study is quite 
difficult to do.  We will rely on simulations to show the effect 
instead.   

Fig. 16  shows performance limitations for each of the 
controller as a function of sampling frequency.  For each point 
in this figure, a suspension system with a certain controller was 
simulated with a sinusoid road disturbance as used in section 
4.2.  At each frequency, a number of controllers (with different 
control parameters) are simulated and the design with the best 
performance is used for Figure 16.  Performance of a system at 
each sampling frequency is measured by the standard deviation 
of the force tracking error.  In addition, we required that the 
selected design to contain little or no high frequency vibration.  
This is done by using the instability indicator, Ind, used in 
section 4.4.  In particular, each design is required to achieve 
Ind less than 2.5 N.  
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Figure 16. Effect of Sampling Frequency 

From Fig.16, it can be seen that the cancellation controller 
(section 4.3) required the smallest sampling rate to achieve a 
certain performance and that the one state controller required 
the fastest sampling rate.  Note that the one-state ARC 
controller also represents the best possible performance of the 
controller with epsilon adaptation (section 4.4).  The fact that 
the one state controller requires the fastest sampling rate is 
expected since it uses least information of the system.  A 
somewhat surprising result is the fact that despite the 
sophisticated design of two-state ARC, it is not as good as a 
simple-minded cancellation (plant inversion) design.  
Nevertheless, the plant inversion design may be quite sensitive 
to plant variation.  Unless the system disturbance can be 
reasonably known in advance, the controller can become 
unstable with a too aggressive design.  By using the adaptation, 
this risk can be reduced to a minimum. 

5 CONCLUSIONS 
In this work, we showed a possible issue of the Adaptive 

Robust Controller design technique.  In the ARC design, there 
is no protection against unmodeled dynamics and the controller 
bandwidth can be set arbitrary high.  Since there is always 
some unmodeled high frequency dynamics, the tracking 
performance can be much worse than expected.  Here, we 
considered an active suspension system equipped with an ARC 
force tracking controller.  In this work, a servo-valve dynamics 
was considered, as one of the unmodeled dynamics.   We 
showed that bandwidth of the servo-valve, speed of the desired 
force signal, and the aggressiveness of the controller 
significantly effects the performance of the system.  Three 
solutions were proposed: a two-state ARC design, cancellation 
based on plant inversion and epsilon adaptation.  The first two 
controllers need to known the extra dynamics (servo-valve 
dynamics) accurately.   Between these two, the latter was found 
to require a slower sampling rate.  For the epsilon adaptation 
technique, the unmodelled dynamics does not need to be 
known accurately. The controller simply reduces its 
aggressiveness when instability is detected.  This helps the 
system to remain stable though a broad range of disturbances 
without sacrificing the performance. 
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