
  

1-INTRODUCTION 
The PID controller has been extensively used in 
control applications. This is mainly due to the fact that 
despite the simple structure and ease of design of this 
controller, it still has some degree of robustness. In 
PID control method, three parameters, namely 
proportional, integral, and derivative, are being 
determined in such a way that the response of the 
system is satisfactory. The proportional part of the 
PID controller has an important role in determining 
the overshoot and the rise time, while the integral part 
reduces the steady-state error, and the derivative 
portion of the controller is mainly responsible for the 
stability of the closed-loop system and the smoothness 
of the response. But the major limitation of PID 
controller is that its response is only acceptable if the 
system is working around the operating point, 
especially when the nonlinearity of the system is 
complicated. Hence, there is need for more 
sophisticated control method [1]. Several methods 
have been proposed in the literature to overcome the 
weaknesses of the PID controller. Among these 
methods, there are Zeigler-Nichols PID [10], fuzzy 
PID [9], and P-fuzzy + conventional ID [4]. In the 
proposed method in this paper, first the PID 
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coefficients are determined using Zeigler-Nichols 
method, which guarantee the stability of the system. 
Then, the coefficients are fine-tuned using fuzzy logic 
method. Finally, the PID parameters are being 
adjusted during the operation of the system, using 
Variable-Structure PID (VSPID) control method. In 
the VSPID controller, the PD state is being used to 
increase the speed of the response and the PI state is 
for reduction of the steady-state errors. The structure 
of this controller changes according to the 
instantaneous error signals, based on a predefined 
algorithm [1]. In the case of fuzzy VSPID (FVSPID), 
these changes are performed using fuzzy logic 
method. Also, The fuzzy rules for the proposed 
FVSPID controller have been generated intuitively. 
For the first time, Dimler Company performed the 
velocity control of vehicles on Mercedes. Since the 
performance of the conventional nonlinear control 
methods was not satisfactory and because of the 
ability of fuzzy logic in modeling, identifying, and 
controlling highly nonlinear systems with uncertainty 
in their parameters, Dimler Company started to use 
fuzzy logic for velocity control of vehicles [5]. Since 
the velocity control of vehicles with changes in the 
environment is a difficult task, the proposed FVSPID 
control method is tested with this problem and the 
results are compared with Zeigler-Nichols PID 
(ZNPID) and Fuzzy PID (FPID). 
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Abstract 
A new method for adjusting PID parameters in a variable-structure fashion, based on fuzzy logic, is 
presented in this paper. In this method, the PD control mode is being used for a faster response when large 
errors are present, and the PI control mode has been used in order to eliminate the steady-state errors. The 
control mode of VSPID is being changed during transient state of the system. The proposed controller is 
applied to vehicle velocity-control problem. The simulation results show a better performance for the 
proposed fuzzy variable-structure PID controller. 
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2-PID CONTROLLERS 
 
2.1. Zeigler-Nichols PID Controller 
The proper performance of the PID controller 
depends on defining the correct coefficients. Zeigler 
and Nichols [10] have proposed a method for 
adjusting the control gains, in which, first the integral 
and the derivative gains are set to zero, then the 
proportional gain is increased until the system starts 
to oscillate. This is called the critical point and it is 
characterized with criticalT  and 

criticalpK . Zeigler and 
Nichols suggest the following PID gains for the gain 
margin equal to 2: 
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2.2. Variable-Structure PID  
Two important aspects in VSPID design are: 1) the 
static precision (e.g. the steady-state error) and 2) the 
dynamic sensitivity (e.g. the speed of the response). 
The VSPID controller has a flexible structure in 
which the changes between different control modes 
(i.e. from PI to PID and then to PD and vise versa) 
are defined continuously using a predefined 
procedure. The structure of this controller is based on 
the instantaneous value of the error. Chen and Chang 
[1] have proposed the following control signal: 
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where 1c  is a constant, and [0,1]α ∈  is a continuous 
function of error 
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in which ε  is a predefined positive constant. 
According to Eqs. (3), for very large and very small 
errors we may write 
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That is, for 0α =  the controller acts as a PI 
controller, for 1α = it is a PD controller, and for α  
between 0 and 1 it behaves like a PID controller. The 

value of τ  in Eqs. (3) defines the slope of change of 
α  between 0 and 1. 
 
2.3. Fuzzy Variable-Structure PID  
In the proposed controller in this paper, the variable-
structure PID coefficients are defined using fuzzy 
logic. Fig. 1 shows the block diagram of the proposed 
Fuzzy Variable-Structure PID  (FVSPID) controller. 
The fuzzy system composes of three fuzzy 
subsystems, each with two inputs (the error e  and the 
derivative of that e& ) and one output, which adjust the 
value of pK , dK , and iK  at each step of the time. 
There are 4 membership functions for every input to 
the fuzzy system. Hence, there are 16 fuzzy IF-THEN 
rules for each fuzzy subsystem. These rules, that is 
found intuitively for pK , dK , and iK , are shown in 
Tables 1, 2, and 3, respectively. The membership 
functions for all variables in fuzzy system are shown 
in Figs. 2, 3, 4, and 5. In these Figs. 
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where the positive contestants γ , δ , and λ have 
been introduced to adjust the maximum value of the 
universe of discourse for pK , dK , and iK , relative 
to the universe of discourse of e  and e&   for different 
plants. These constants can be found by having some 
experience about the system under study and a few 
trial and errors.  
 
3. SIMULATION RESULTS 
The simulation example is the velocity control of 
vehicle, which is a highly nonlinear system with 
differential equations of order 6. The dynamic 
equations usually include the engine, clutch, gearbox, 
and differential. These equations, along with the 
chosen parameters for the vehicle, are given in the 
appendix. In order to show the performance of the 
proposed FVSPID, the simulation results have been 
compared with ZNPID and FPID. The PID 
coefficients for ZNPID controller have been found as  
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and the constants in Eq. (5) for FVSPID are  
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The simulations have been performed in two parts. In 
the first case, the vehicle is following a reference 
velocity, while in the second case the vehicle is 



  

following a second vehicle, which changes its 
velocity at different time instances. Variations in road 
conditions and changes in wind velocity have also 
been considered. Fig. 6 shows the step response of 
the system for the final velocity of 10 m/sec, when the 
vehicle is moving on a leveled road and there is no 
wind. As this Fig. shows, all three controllers have 
very small steady-state errors, but the FVSPID has 
much smaller overshoot and undershoot as compared 
to other controllers. Then, at 2 sect =  some changes 
takes place in the environment conditions. That is, the 
vehicle enters a downhill with a slope of 30°  while 
the road friction coefficient changes from 

0.6rK = (dry road) to 0.2  (snowy road) and wind is 
blowing towards the moving direction of the vehicle 
with a velocity of 4 m/sec. The results have been 
shown in Fig. 7. In the second part of the simulations, 
the vehicle is following another vehicle with a 
changing velocity profile. It is assumed that there is a 
safely clearance between two vehicles, which depends 
on the speed of the pursuing vehicle. Both vehicles 
are moving on a leveled road with no wind. Then, at 
time 1 second the front vehicle changes its speed 
from 10 m/s to 15 m/s, followed by another change in 
its speed from 15 m/s back to 10 m/s at time 2 
second. Fig. 8 shows the simulation results. It is 
obvious that the FVSPID performs much better than 
the FPID and ZNPID. Next, at the time of 
deceleration (i.e. at 2 sect = ), both vehicles come to 
a snowy road, where it is assumed that the front 
vehicle can accelerate and decelerate much like on a 
dry road (e.g. it has snow tires), while the controlled 
vehicle is not equipped with snow tires. As the plots 
in Fig. 9 show, the FVSPID outperforms the other 
PID controllers. In all the cases up to this point, all 
controllers are able to keep the safety distance from 
the front vehicle. In the next two cases, the limits of 
the ZNPID FPID will be tested. Fig. 10 shows a case 
where the front vehicle changes its speed from 20 m/s 
to 30 m/s at 1 sect = and again from 30 m/s back to 
10 m/s at 2 sect = . In addition, both vehicles come 
to a snowy road at the time of deceleration. In this 
condition, the distance form the front vehicle for 
ZNPID and FPID becomes negative, which 
corresponds to a collision, while the FVSPID can still 
keep some distance from the front vehicle.  

 

 
4. CONCLUSION 
The fuzzy variable-structure PID control method was 
presented in this paper. In this method, first the PID 
coefficients have been determined using Zeigler-

Nichols method, which guaranties the stability of the 
system. Then, the PID coefficients are fine-tuned 
using a fuzzy system. Finally, the PID parameters 
have been adjusted during the operation of the 
system, using Variable-Structure PID (VSPID) 
control method. The simulation results for the 
velocity control of a vehicle show a much better 
performance of the proposed method as compared to 
the Zeigler-Nichols PID controllers and fuzzy PID 
controllers. 
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The dynamic model is composed of two parts: 1) 
engine model and 2) vehicle model. 
 
6.1. The Engine Model 
The engine of a vehicle consists of different parts like 
manifolds, throttle valve, cylinders, pistons, and 
crankshaft. The state equation for the air mass inside 
fuel throttle can be written using the mass 
conservation law as follows [6]: 

a ai aom m m= −& & &  

where aim&  and aom&  are the inlet and outlet air flow 
rates, respectively, which can be calculated using the 
following equations: 
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where θ  is the valve-valve angle, P  is the manifold 
pressure, N  is the engine velocity, and ( )g P  is 
function of manifold pressure, which can be obtained 
using following equation: 
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The manifold pressure rate can also be defined as 
( ),     42.4P ai ao pP K m m K= − =& & &  

The ignition and torque-generating model is the same 
as Dubner proposed model with minor modifications. 
The advance spark parameter has been defined in [3] 
as follows: 
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The generation of torque, according to Vachtsevanos 
et al. [8] is 
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Also, the engine acceleration can be defined as 
( ), 54.26N i L NN K T T K= − =&  

where LT  is load torque. 
 
6.2. The Vehicle Model 
The vehicle model consists of three parts 1) 
transmission, 2) differential, and 3) tires. The 
automatic transmission contains of torque converter 
and automatic gearbox. According to Fritz (1996) 
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In the above equations, eT  is the driving torque after 
clutch, tT  is the driving torque applied to the wheels, 

eJ  is the engine moment of inertia, and 1d  and 2d  
are constants. In [2] the longitudinal motion of the 
vehicle is described as 
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where di  and gi  are the gear ratios in automatic 
transmission and rear-axle differential, respectively, 
and dη  and gη  are the efficiency coefficients in 
automatic transmission and rear-axle differential, 
respectively. Also, dJ , gJ , and J  are the moment 
of inertia of transmission, differential, and wheels, 
respectively, m is the mass of the wheels, and r is the 
radius of the tires. Table 4 shows the chosen 
parameters for simulations in section 3. The external 
torque applied to the vehicle exT  can be calculated as 

ex w r cT T T T= + +                                                      

where wT  is the aerodynamic resistance of the air, rT  
is the rolling of the road, and cT  is the torque due to 
the slope of the road. These quantities can be 
calculated using the following equations: 
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where c is the aerodynamic coefficient of the air, v 
and wv  are the velocity of the vehicle and the wind, 
respectively, sα  is the slope of the road, r is the 
radius of the tires, rK  is the friction coefficient of the 
road, and g  is the gravity acceleration. If the vehicle 
is equipped with anti-skid braking system, then, 
according to the following equations, the tire skids 
can be assumed zero: 

, 1ω
ω
vv r i

r
= = −  

where ω  is the angular velocity of the tires, v is the 
longitudinal velocity of the vehicle and i is the skid of 
the tires. 

Table 4: Chosen parameters for simulations 

gi  5 J  5 Kgm2 

di  4 gJ  2.5 Kgm2 

gη  60 dJ  1 Kgm2 

dη  80 K  0.8 
r  0.3 m 1d  10 
m  20 Kg 2d  20 



  

 

 

 

 

 

 

 
Fig. 1.  The control system structure of fuzzy 

variable-structure PID 
 
 
 
Table 1: The fuzzy rules for the proportional part 

of the VSPID controller 
         S M L VL 

S S S S S 

M S M M M 

L M M L L 

VL VL VL VL VL 

 
 
 
Table 2: The fuzzy rules for the derivative part of 

the VSPID controller 
         S M L VL 

S VL VL VL VL 

M L L M M 

L VL M L L 

VL S S S S 

 
 

Table 3: The fuzzy rules for the integral part of 
the VSPID controller 

         S M L VL 

S S M L VL 
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Fig. 2. Membership functions for the error and its 
derivative 

 
 
 
 
 
 
 

Fig. 3. Membership functions for the proportional 
part of the PID controller 

 
 
 
 
 
 
 

Fig. 4. Membership functions for the derivative 
part of the PID controller 

 
 
 
 
 
 
 

Fig. 5. Membership functions for the integral part 
of the PID controller 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6:  Step response of ZNPID (    ), FVSPID (--), 
and ( ⋅− ) FPID. 
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Fig. 7: Same as in Fig. 6, but when the 
environment conditions change at 2 sect = . 

 

 

 

 

 

 

 

 

 

Fig. 8: The comparison of the control methods, 
when the vehicle is following a second vehicle with 

velocity profile shown in Fig. 11. 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Same as in Fig. 8, but when the road 
condition changes during deceleration of the front 

vehicle (i.e. at 2 sect = ). 

 

 

 

 

 

 

 

 

Fig. 10: Same as in Fig.9, but with the velocity 
profile of the front vehicle shown in Fig. 12. The 
Zeigler-Nichols PID and the FPID end up with 
negative distance from the front vehicle, which 

corresponds to a collision. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11: The velocity profile of the front vehicle for 
the first scenario (Figs. 8 and 9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: The velocity profile of the front vehicle for 
the second scenario (Fig. 10). 
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