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Abstract– A Takagi-Sugeno fuzzy controller and an interpola-
tive fuzzy controller for tire slip control in Anti-lock braking 
Systems are proposed. Both fuzzy controllers are developed 
using a benchmark consisting of a simplified nonlinear model 
describing the slip dynamics for a wheel, and perform the 
merge between 64 local PI or PID controllers. By employing 
local linearized models of the controlled plant, the local con-
trollers are developed in the frequency domain. Development 
methods for the two fuzzy controllers are also offered. 
Simulation results show the control system performance 
enhancement ensured by the fuzzy controllers in comparison 
with the conventional PI ones. 
 

I. INTRODUCTION 
 

The Anti-lock Braking System (ABS) represents a sig-
nificant subsystem of the complex steering system for the 
modern cars. The main task of the ABS control system (CS) 
is the prevention of wheel-lock during braking to ensure high 
friction and maintain the steerability of the car. 

In the conditions of using several actuator types, the 
existing ABS control algorithms can be divided in two 
categories, wheel acceleration control and tire slip control. 
The first category performs the tire slip control indirectly by 
either controlling the wheel deceleration / acceleration [1] or 
controlling the braking torque commanded by the driver [2]. 
The current approaches belonging to the second category – 
that deals with tire slip control – include reaching the 
maximum friction point by measuring the angular velocity of 
the wheel and the brake pressure [3], the use of feedback 
linearization [4], the development of model based hybrid 
controllers [5], of constrained LQ controllers [5], of robust 
PID controllers [6], [7], of fuzzy logic controllers [8], and the 
use the of gain scheduling [7]. 

Since the development of the controllers based on these 
approaches is rather complex due to the complexity of the 
nonlinear model of the controlled plant (CP), it is necessary 
to simplify the controller development aiming a relatively 
simple further implementation. This comes to the paper goal, 
to offer simple fuzzy controllers dedicated to tire slip control. 

Because of the linear dependence of each rule on the input 
variables of the fuzzy controller (FC), the Takagi-Sugeno 
fuzzy controllers (TS-FCs) [9] are ideal for acting as inter-
polating supervisors of multiple linear controllers applied to 
different operating conditions of the nonlinear dynamic CPs. 
The TS-FCs are extremely well suited to play the role of a 

bumpless interpolators between the linear controllers applied 
across the input space; therefore, these controllers are natural 
and efficient gain schedulers [10]. 

These are the reasons why there is developed firstly a TS-
FC. The TS-FC performs the merge of 64 local controllers of 
PI or PID type. For the development of the local controllers 
there is employed a benchmark which involves a simplified 
nonlinear model that describes the slip dynamics for a wheel 
[11]. In the first step, by linearization of the friction curves 
around important steady-state operating points there are 
obtained 64 first order lag plus time delay models of the CP 
representing local linear models. Then, the local controllers 
meant for controlling these local linear models are developed 
in terms of a frequency domain approach. 

Secondly, by starting with the TS-FC there is developed 
an interpolative fuzzy controller (IFC), which can be 
considered as a quite simple way to implement the TS-FC. 

This paper is organized as follows. In the following Sec-
tion there is analyzed the nonlinear dynamic model used in 
the tire slip control as part of an ABS, and there are derived 
the local linear models of the CP, of first order lag plus time 
delay type. Section III is dedicated to the presentation of the 
development method for the TS-FC. In addition, the 
development method of an IFC to approximate the TS-FC is 
also proposed. Section IV provides simulation results that 
support the theoretic developments. Finally, Section V 
contains the conclusions. 
 

II. MODELS OF WHEEL DYNAMICS 
 

A crucial physical parameter that influences the braking 
process is the adherence of the tire-road system, character-
ized by the tire-road friction coefficient μ. This coefficient 
depends mainly on the state of the road, (dry, wet, etc.) but 
also on the longitudinal slip of the tire against the road 
referred to as the wheel slip, λ. 

When the braking force exceeds the adherence offered by 
the wheel-road contact, the wheel of the car begins to slide. 
The tire slip, λ, is defined in terms of (1): 

vrvvvv wheel /)(/)( ⋅ω−=−=λ , (1) 

where v is the velocity of the vehicle (car), vwheel the tan-
gential velocity of the wheel, ω the angular velocity of the 
wheel and r the radius of the wheel. 
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The locking of the wheel (λ=1) must be strictly avoided 
because it produces notable weariness of the tires, and it 
causes a very dangerous extension of the braking distance. 
Still in the ’80s it has been discovered that the best adherence 
occurs when the slip had non-zero values (Fig. 1). The so-
called optimal slip is generally between 0.1 and 0.2. This is 
the reason why modern ABS controllers try to keep λ in this 
domain, but this is not easy to be fulfilled since λ has sig-
nificant and fast random variations, and nonlinear behavior. 

A simplified model of the braking wheel as subject to the 
brake torque and the ground contact reaction force was 
proposed in [11] and will be used further on: 
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where Tb is the brake torque, μb the friction coefficient in the 
brakes, τ the time delay, and α, β and γ are positive constants 
resulting from the physical parameters of the car. 

There will be used in this paper the following particular 
values of the CP parameters: r=0.3 m, α=1500, β=1and γ=10 
[11]. For simplicity it is assumed that μb=min(ω/ε,1), for 
small ε >0, and the signals ω, v and μH (the maximum road-
tire friction coefficient) can be measured / estimated. 

For the development of the TS-FC the nonlinear model (1) 
… (3) will be linearized around a steady-state operating point 
A0 having the coordinates (v0, ω0, λ0, μ0), where the lower 
index 0 applied to a certain variable highlights the steady-
state value of that variable. Only the nonlinear components 
will be linearized here excepting the component μb(ω(t)) 
which will be approximated to 1 in the development phase: 

1))(( =ωμ tb . (4) 

The equation (1) can be expressed in its equivalent form: 
)()()()( trtvttv ω⋅+λ= . (5) 

By linearizing the product in (5) around A0 and differen-
tiating the result (with respect to time), the linearized form of 
(3) can be expressed as: 

)()()()1( 00 trtvtv ω⋅+λ=λ− &&& . (6) 
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Fig. 1. μ versus λ, extracted from the data presented in [11] 

On the other hand, the nonlinear component μ(λ(t)) can be 
linearized around A0: 

000 ))(())(( μ+λ−λ=λμ tmt , (7) 

where m0 represents the slope of the tire friction curve at the 
considered operating point A0: 

0
)d/d(0 Am λμ= . (8) 

By the substitution of the expression (7) of μ(λ(t)) in (2) 
and (3) (in the condition (4)), the modified versions of the 
equations (2) and (3) can be expressed in terms of (9) and 
(10), respectively: 

)()()()( 0000 mtutmt λ−μα+τ−⋅β−λα=ω& , (9) 

)()()( 0000 mtmtv λ−μγ−λγ−=& . (10) 

Then, (9) and (10) are substituted in (6) and the linearized 
model of the wheel dynamics can be expressed as (11): 

)()()()( 11 tdtukttT +τ−=λ+λ& , (11) 

with the parameters k1 and T1 expressed in (12) and (13): 
])1(/[/ 001 rmrk ⋅α+λ−γβ⋅= , (12) 

])1(/[/ 0001 rmvT ⋅α+λ−γ= , (13) 

and the disturbance input d(t) expressed as: 
)/()()( 0000 mrmtd ⋅⋅βμ−λ= . (14) 

Note that by the examination of the equations (12) .. (14) it 
is necessary the choice A0 to avoid m0 = 0. 

By taking into consideration the fact that the slope m0 can 
take positive or negative values, the other parameters in (12) 
and (13) take only positive values, the parameters k1 and T1 
will take positive or negative values. This is the reason why 
there will be used in the sequel two model types for the 
wheel dynamics in tire slip control. A unified expression of 
these models points out the CP transfer function, HP(s): 

)()()()( sdsusHs P +=λ . (15) 

The expressions of HP(s) for these two model types are 
(16) and (17): 
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where kP, TP and τ are the CP gain, lag time constant and 
time delay, respectively. The parameters kP and TP of the CP 
can be derived by calculating the absolute value in (12), (13): 

0])1(/[||/|| 001 >α+λ−γβ== rmrkkP , (18) 

0])1(/[||/|| 0001 >α+λ−γ== rmvTTP . (19) 

The linear models (16) and (17) represent first order lag 
plus time delay models. A large number of CPs can be 
characterized by the stable models (16) [12], [13]. This is not 
the situation for the unstable models (17). 
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Since the TS-FC consists of the merge between several 
local PI / PID controllers, for the development of these local 
controllers devoted to the local models (16) / (17) of the CP 
it is necessary to obtain the local models valid in the vicinity 
of significant operating points. For the choice of the 
operating points it must be highlighted that μ0 does not 
appear in the expressions of the CP parameters (18) and (19); 
therefore, it is sufficient to compute the slope m0 for several 
values of μH (see Fig. 1). 

The operating points are characterized by the following 
sets of steady-state values: μH ∈ {0.1, 0.3, 0.7, 1}, λ0 ∈ 
{0.05, 0.1, 0.2, 0.3}, v0 ∈ {1, 10, 20, 30}. So, there will 
result 64 local models of the CP, of type (16) or (17). The 
parameters, types and indexes (marked with i=1…64) of 
these models are presented in Table I (TP in seconds). 
 
III. DEVELOPMENT OF TAKAGI-SUGENO FUZZY CONTROLLER 

AND OF INTERPOLATIVE FUZZY CONTROLLER 
 

The proposed CS structure, dedicated to tire slip control 
(Fig. 2), is based on the measurement / estimation of the 
signals {μH, v, λ} available from the CP. The other elements 
in Fig. 2 represent: λr – the reference input (tire slip setpoint), 
e = λr – λ – the control error. 

It can be seen that the tire slip λ plays the role of con-
trolled output. For the sake of simplicity the measuring de-
vices and the estimators are considered to be part of the CP. 

As already mentioned in Section I, the development of the 
TS-FC starts with the development of the local controllers to 
control the local CP models of type (16) or (17). In the first 
phase there are developed continuous-time controllers. 

For controlling the CP model (16) there are widely used 
several development techniques [13], [14] based on employ-
ing a PI controller with the transfer function HC(s): 

)]/(11[)( sTksH iCC += , (20) 

with kC – controller gain and Ti – integral time constant. 
By applying the frequency domain approach to the CP 

(16) controlled by the controller (20), the phase margin φm 
can be expressed as: 

τω−ω−ω+π=ϕ −−
cPcicm TT 11 tantan5.0 , (21) 

where ωc stands for the crossover frequency. 
Ti can be chosen to cancel the CP lag time constant TP: 

Pi TT = . (22) 

By imposing a desired phase margin φm, the equations (21) 
and (22) result in the expression of ωc: 

τϕ−π⋅=ω /)5.0( mc . (23) 

The controller gain, kC, is obtained in terms of the modulus 
condition (24): 

22 )(1//)(1 icPPcicC TkTTk ω+ω+ω= . (24) 

 
Fig. 2. Structure of tire slip control system 

TABLE I 
PARAMETERS kP / TP AND MODEL TYPES ((16) OR (17)) / MODEL INDEXES (i) 

FOR LOCAL MODELS OF CONTROLLED PLANT 
  v0=1 v0=10 v0=20 v0=30 

λ= 
0.05 

7.25·10-4 
/ 0.0024 
(16) / 1 

7.25·10-4 
/ 0.0242 
(16) / 2 

7.25·10-4 
/ 0.0484 
(16) / 3 

7.25·10-4 
/ 0.0725 
(16) / 4 

λ = 
0.1 

0.0022 
/ 0.0073 
(16) / 5 

0.0022 
/ 0.0726 
(16) / 6 

0.0022 
/ 0.1452 
(16) / 7 

0.0022 
/ 0.2179 
(16) / 8 

λ = 
0.2 

0.0328 
/ 0.1092 
(16) / 9 

0.0328 
/ 1.0917 
(16) / 10 

0.0328 
/ 2.1834 
(16) / 11 

0.0328 
/ 3.2751 
(16) / 12 

 
 
 
 
 
 

μH= 
0.1 

λ = 
0.3 

0.0656 
/ 0.2188 
(17) / 13 

0.0656 
/ 2.1882 
(17) / 14 

0.0656 
/ 4.3764 
(17) / 15 

0.0656 
/ 6.5646 
(17) / 16 

λ= 
0.05 

2.61·10-4 
/ 8.71·10-4 
(16) / 17 

2.61·10-4 
/ 0.0087 
(16) / 18 

2.61·10-4 
/ 0.0174 
(16) / 19 

2.61·10-4 
/ 0.0261 
(16) / 20 

λ = 
0.1 

5.23·10-4 
/ 0.00173 
(16) / 21 

5.23·10-4 
/ 0.0174 
(16) / 22 

5.23·10-4 
/ 0.0349 
(16) / 23 

5.23·10-4 
/ 0.0523 
(16) / 24 

λ = 
0.2 

0.0655 
/ 0.2183 
(17) / 25 

0.0655 
/ 2.1834 
(17) / 26 

0.0655 
/ 4.3668 
(17) / 27 

0.0655 
/ 6.5502 
(17) / 28 

 
 
 
 
 
 

μH= 
0.3 

λ = 
0.3 

0.0066 
/ 0.0219 
(17) / 29 

0.0066 
/ 0.2188 
(17) / 30 

0.0066 
/ 0.4376 
(17) / 31 

0.0066 
/ 0.6565 
(17) / 32 

λ= 
0.05 

9.15·10-5 
/ 3.05·10-4 
(16) / 33 

9.15·10-5 
/ 0.003 

(16) / 34 

9.15·10-5 
/ 0.0061 
(16) / 35 

9.15·10-5 
/ 0.0091 
(16) / 36 

λ = 
0.1 

8.83·10-4 
/ 0.0029 
(17) / 37 

8.83·10-4 
/ 0.0294 
(17) / 38 

8.83·10-4 
/ 0.0589 
(17) / 39 

8.83·10-4 
/ 0.0883 
(17) / 40 

λ = 
0.2 

0.0033 
/ 0.0109 
(17) / 41 

0.0033 
/ 0.1092 
(17) / 42 

0.0033 
/ 0.2183 
(17) / 43 

0.0033 
/ 0.3275 
(17) / 44 

 
 
 
 
 
 

μH= 
0.7 

λ = 
0.3 

0.0047 
/ 0.0156 
(17) / 45 

0.0047 
/ 0.1563 
(17) / 46 

0.0047 
/ 0.3126 
(17) / 47 

0.0047 
/ 0.4689 
(17) / 48 

λ= 
0.05 

7.83·10-5 
/ 2.61·10-4 
(16) / 49 

7.83·10-5 
/ 0.0026 
(16) / 50 

7.83·10-5 
/ 0.0052 
(16) / 51 

7.83·10-5 
/ 0.0078 
(16) / 52 

λ = 
0.1 

1.63·10-4 
/ 5.45·10-4 
(16) / 53 

1.63·10-4 
/ 0.0054 
(16) / 54 

1.63·10-4 
/ 0.0109 
(16) / 55 

1.63·10-4 
/ 0.0163 
(16) / 56 

λ = 
0.2 

0.0022 
/ 0.0073 
(17) / 57 

0.0022 
/ 0.0728 
(17) / 58 

0.0022 
/ 0.1456 
(17) / 59 

0.0022 
/ 0.2183 
(17) / 60 

 
 
 
 
 
 

μH= 
1 

λ = 
0.3 

0.0016 
/ 0.0055 
(17) / 61 

0.0016 
/ 0.0547 
(17) / 62 

0.0016 
/ 0.1094 
(17) / 63 

0.0016 
/ 0.1641 
(17) / 64 

The CP model (17) is treated relatively seldom in the 
literature, a good overview on the development techniques 
being presented in [15], [16]. Since a PI controller cannot 
stabilize the CP, (17), an ideal PID controller with the 
transfer function HC(s) will be used as follows: 

])/(11[)( sTsTksH diCC ++= , (25) 

with Td – derivative time constant. For applying the fre-
quency domain approach, the series PID form is preferred: 

)1)(1)(/()( 21 sTsTsksH cccC ++= , (26) 

where the connections between the forms (25) and (26) are: 

.)/(
,),(

2121

2121

ccccd
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TTTTT
TTTTTkk

+=
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 (27) 
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By considering the form (26), φm can be expressed as: 

.tan      
tantan5.0

1
2

1
1

1

τω−ω−

−ω+ω+π=ϕ
−

−−

cPc

ccccm

T
TT

 (28) 

An approximate analytical solution of (28), ωc, may be 
obtained if the following quite accurate approximation for 
the arctan=tan-1 function is made [17]: 

1||  ,)25.0(tan 1 <π≈− xxx . (29) 

By imposing a desired phase margin φm, the equations (28) 
and (29) lead to (30): 

])(25.0/[)5.0( 21 τ−++πϕ+π=ω Pccmc TTT . (30) 

The choice of the controller parameters Tc1 and Tc2 accor-
ding to (31): 

πτ=πτ= /15  ,/5 21 cc TT , (31) 

enables the calculation of ωc: 
)425.0/()5.0( τ+ϕ+π=ω Pmc T . (32) 

The controller parameter kc is obtained by imposing the 
modulus condition associated with the form (26): 

.])(1)(1[      /  

/)(1)/(
2

1
2

1

2

cccc

PcPcC

TT

Tkk

ω+ω+

ω+ω=
 (33) 

In the second phase, the development of the TS-FC it is 
performed the discretization of the continuous-time PI and 
PID controllers resulting in the incremental version of quasi-
continuous digital PI or PID controllers expressed in the 
unified form (34): 

)( kfkekPk feeKu α+α+Δ=Δ , (34) 

where ek is the control error, Δek=ek–ek-1 and Δuk=uk–uk-1 
stand for the increment of control error and of the control 
signal, respectively, and fk is the derivative term. 

The parameters {KP, αe, αf} in (34) depend on the dis-
cretization method and on the sampling period Ts. By apply-
ing Tustin’s discretization method to the continuous-time PI 
and PID controllers (20) and (25), their expressions will be: 

.)2/(4
),2/(2  ),2(5.0

sidif

sisesicP

TTTT
TTTTTkK

−=α
−=α−=

 (35) 

In the case of the PI controller αf=0. In the case of the PID 
controller, the derivative term fk is obtained in terms of the 
discrete-time equation (36): 

211 2 −−− +−+−= kkkkk eeeff . (36) 

For the accepted benchmark, by imposing a phase margin 
φm=7π/18, the parameters {KP, αe, αf} of the 64 local digital 
PI / PID controllers take the values grouped in Table II, for 
Ts = 0.005 s. Such a phase margin ensures a relatively good 
robustness to model uncertainties specific to ABSs. 

The structure of the proposed TS-FC is presented in Fig. 3, 
and it contains the basic FC (B-FC) and the blocks with 
dynamics. In the initial phase, the fuzzification is done by 
using the membership functions presented in Fig. 4. 

The block B-FC employs the max and min operators in the 
inference engine, and the weighted sum method for 
defuzzification [10]. 

A complete rule base of 64 rules having the general form 
(37) assists the inference engine of the block B-FC: 

TABLE II 
PARAMETERS KP / αe / αf / INDEXES (i) OF LOCAL DIGITAL PI AND PID 

CONTROLLERS 
-3.586 / 
-49.72 / 

0 / 1 

778 / 
0.2288 / 

0 / 2 

1646 / 
0.1081 / 

0 / 3 

2510 / 
0.0709 / 

0 /4 
56.7 / 

1.0406 / 
0 / 5 

828 / 
0.0713 / 

0 / 6 

1886 / 
0.0356 / 

0 / 7 

2545 / 
0.0232 / 

0 / 8 
84.6 / 

0.0469 / 
0 / 9 

863 / 
0.0046 / 

0 / 10 

1729 / 
0.0023 / 

0 / 11 

2594 / 
0.0015 / 

0 / 12 
34.6 / 

0.0577 / 
6.87 / 13 

7.406 / 
0.0577 / 
6.87 / 14 

3.835 / 
0.0577 / 
6.87 / 15 

2.586 / 
0.0577 / 
6.87 / 16 

-162 / 
-3.0741 / 

0 / 17 

616 / 
0.8084 / 

0 / 18 

1484 / 
0.3356 / 

0 / 19 

2351 / 
0.2118 / 

0 / 20 
-39.8 / 

-6.256 / 
0 / 21 

741 / 
0.3361 / 

0 / 22 

1611 / 
0.1546 / 

0 / 23 

2476 / 
0.1006 / 

0 / 24 
34.7 / 

0.0577 / 
6.87 / 25 

7.432 / 
0.0577 / 
6.87 / 26 

3.85 / 
0.0577 / 
6.87 / 27 

2.595 / 
0.0577 / 
6.87 / 28 

181 / 
0.0577 / 
6.87 / 29 

344 / 
0.0577 / 
6.87 / 30 

264 / 
0.0577 / 
6.87 / 31 

204 / 
0.0577 / 
6.87 / 32 

-624 / 
-2.2772 / 

0 / 33 

142 / 
10 / 

0 / 34 

1029 / 
1.381 / 
0 / 35 

1876 / 
0.7575 / 

0 / 36 
967 / 

0.0577 / 
6.87 / 37 

1531 / 
0.0577 / 
6.87 / 38 

2083 / 
0.0577 / 
6.87 / 39 

2408 / 
0.0577 / 
6.87 / 40 

295 / 
0.0577 / 
6.87 / 41 

679 / 
0.0577 / 
6.87 / 42 

687 / 
0.0577 / 
6.87 / 43 

609 / 
0.0577 / 
6.87 / 44 

226 / 
0.0577 / 
6.87 / 45 

496 / 
0.0577 / 
6.87 / 46 

435 / 
0.0577 / 
6.87 / 47 

356 / 
0.0577 / 
6.87 / 48 

-743 / 
-2.234 / 
0 / 49 

33.2 / 
50 / 

0 / 50 

897 / 
1.8506 / 

0 / 51 

1769 / 
0.9384 / 

0 / 52 
-312 / 

-2.5545 / 
0 / 53 

463 / 
1.7214 / 

0 / 54 

1340 / 
0.5948 / 

0 / 55 

2201 / 
0.3621 / 

0 / 56 
415 / 

0.0577 / 
6.87 / 57 

907 / 
0.0577 / 
6.87 / 58 

1058 / 
0.0577 / 
6.87 / 59 

1031 / 
0.0577 / 
6.87 / 60 

554 / 
0.0577 / 
6.87 / 61 

1114 / 
0.0577 / 
6.87 / 62 

1402 / 
0.0577 / 
6.87 / 63 

1458 / 
0.0577 / 
6.87 / 64 

 
Fig. 3. Structure of Takagi-Sugeno fuzzy controller 
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Fig. 4. Initial input membership functions 
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where LT stands for linguistic term (Fig. 4), and the upper 
index i (i=1…64) corresponds to the index of the local model 
of the CP for which the digital PI / PID controller was 
developed (shown in Table I and Table II). 

Fig. 4 illustrates the specific parameters of the TS-FC, 
tuned by the modal equivalence principle [18] in connection 
with the coordinates of the significant operating points. For 
the accepted benchmark and the operating points mentioned 
in the previous Section, the following values of TS-FC 
parameters were obtained: BμZE=0.1, BμZE=0.3, BμZE=0.7, 
BμZE=0.9, BvZE=1, BvZE=10, BvZE=20, BvZE=29, BλZE=0.05, 
BλZE=0.1, BλZE=0.2, BλZE=0.25, Be=0.2, BΔe=0.2, Bf=0.2.The 
parameters {Be, BΔe, Bf} depend on the universes of the 
variables ek, Δek and fk, respectively, and were obtained for 
ensuring the scaling factors which are not shown in Fig. 3. 

By summarizing the results presented in this Section, the 
development method for the TS-FC consists of the following 
steps: 
 - choose the significant operating points of the CP, linearize 
the mathematical model around these points and express the 
local linearized models in the forms (16) or (17); 
 - by using a conventional development technique (the 
frequency domain approach is exemplified in this paper), 
tune the continuous-time local PI controllers (20) and PID 
controllers (25) to control the local CP models (16) and (17), 
respectively; 
 - choose a sufficiently small sampling period Ts accepted by 
quasi-continuous digital control and take into account the 
presence of a zero-order hold; 
 - discretize the continuous-time local PI / PID controllers 
and compute the parameters {KP, αe, αf} in (35); 
 - by applying the modal equivalence principle determine the 
parameters of the TS-FC (defined in Fig. 4). 

The structure of the IFC is presented in Fig. 5 [19]. 

 
Fig. 5. Block diagram of the interpolative fuzzy controller 

It contains the nonlinear blocks PD-IC – PD interpolative 
controller and PD-IAC – PD interpolative adaptive corrector. 
Both blocks can be developed in a heuristic (linguistic) 
manner, thanks to the fact that TS-FCs with triangular input 
membership functions, prod and sum operators in the 
inference engine and weighted area method for defuzzi-
fication have equivalent interpolative variants. This result is 
applied also for the considered TS-FC. The two nonlinear PD 
controllers are implemented by look-up-tables with linear 
interpolations, allowing fine tunings of the ABS perform-
ance, in a smooth manner [19]. 

The development of the IFC is performed by applying the 
development steps devoted to the TS-FC presented before 
followed by the implementation of the input-output static 
map of the TS-FC by means of interpolative blocks. 

With respect to the structure presented in Fig. 5, the look-
up tables of the blocks PD-IC and PD-IAC have the 
composition presented in (38) and (39), respectively: 
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IV. DIGITAL SIMULATION RESULTS 

 
The simulation results are obtained by accepting that the 

simplified dynamic model (1) … (3) characterizes well the 
CP involved in tire slip control, as part of an ABS, and the 
CS structure is that presented in Fig. 2. The parameter values 
that correspond to the considered model are those presented 
in Section II, together with τ=0.014 s and ε=0.001. 

The TS-FC and the IFC are developed in terms of the 
methodology presented in the previous Section. For the 
accepted case study, the simulation scenario consists of 
feeding a reference input λr=0.015 (acceptable for several 
surfaces), and the braking is started on a high friction surface 
(μH=0.9 for 0.9 s), then a low friction surface is encountered 
(μH=0.1 for the next 1.5 s), and the braking is finished on a 
medium friction surface (μH=0.5 for the final 0.6 s). The 
initial value of v is considered v0=25 m/s. 

In these simulation conditions, the synthesis of the digital 
simulation results is presented in Figs. 6 … 8 for three CSs, 
the CS with conventional PI controller developed for the lo-
cal model i=51 (close to the initial operating point) of the CP 
(Fig. 6), the CS with TS-FC (Fig. 7), and the CS with IFC 
(Fig. 8). 



 
 
 
 
This article can be cited as R.-E. Precup, S. Preitl, M. Balas, V. Balas, Fuzzy controllers for tire slip control in anti-lock braking systems, Proceedings of IEEE 
International Conference on Fuzzy Systems (FUZZ-IEEE 2004), Budapest, Hungary, doi: 10.1109/FUZZY.2004.1375359, 2004. 
Copyright©2004 by IEEE 

 

 
Fig. 6. λ versus time for CS with conventional PI controller 

 
Fig. 7. λ versus time for CS with TS-FC 

 
Fig. 8. λ versus time for CS with IFC 

 
V. CONCLUSIONS 

 
The paper proposes a CS structure together with two FCs, 

a TS-FC and an IFC, dedicated to tire slip control in ABSs. 
There are derived development methods for the FCs. 

The controllers and development methods are validated by 
considering a case study based on an accepted benchmark, 
and prove their potential in tire slip control. 

Digital simulation results prove that the two FCs ensure 
the CS performance enhancement in comparison with a con-
ventional PI controller (including the negative values of λ 
that cannot be accepted due to the physical interpretation). 

In the first phase, the TS-FC structure is relatively simple 
due to the reduced number of input LTs of the block B-FC 
aiming a simple implementation. By defining at least three 
LTs for the input variables ek, Δek and fk, the CS performance 
with either the TS-FC or the IFC can be further improved. 

The proposed FCs can be extended with supplementary 
features to more complex dynamic models used in ABS tire 
slip control. But, the rigorous analysis, similar to the case of 
Mamdani fuzzy controllers [20], must be performed in all 
applications. 
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