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ABSTRACT

A neuro-fuzzy based improved internal model control (I-IMC) is proposed for speed control of uncertain
nonlinear heavy duty vehicle (HDV) as the standard IMC (S-IMC) can’t tackle the nonlinear systems effectively and
degrades the performance of HDV system. Adaptive neuro-fuzzy inference system and artificial neural network with
adaptive control are used for the design of I-IMC. The proposed control techniques are developed to achieve the
better speed tracking performance and robustness of HDV system under the influence of road grade disturbance.
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1. INTRODUCTION

The design of controller for nonlinear systems is difficult
and useful for real applications. It has always remained a
challenging task for the researchers. Heavy duty vehicle
(HDV) is a practical nonlinear system and play an important
role in the field of transportation. The objective of automated
speed control of nonlinear HDV through the throttle valve is to
enhance better speed tracking performance with improved fuel
efficiency and reduced pollution under uncertain environment'.
In recent years intelligent soft computing techniques such as
fuzzy inference system (FIS), artificial neural network (ANN),
and Adaptive neuro-fuzzy inference system (ANFIS) are
widely used in various scientific domains as a powerful tool
of identification, modeling and control of highly nonlinear and
complex systems. Among these techniques ANFIS is one of
the best tradeoff between neural and fuzzy systems; it provides
smoothness and knowledge representation due to the fuzzy
logic and adaptability capability due to the ANN2?,

Standard improved internal model control (S-IMC) is
a effective strategy in process control and it was introduced
by Garcia and Morari®. The extension of S-IMC for nonlinear
system is proposed by Economou’, et al. and is called nonlinear
IMC. The structure of ANN based nonlinear IMC i.e. IMC for
nonlinear system is presented by researchers'®. For nonlinear
IMC, it is not easy to design the ANN and ANFIS based
internal model (IM) and its inverse, i.e. inverse controller (IC)
because of the following reasons.
(1) The system to be controlled must be stable in open-loop.
(i1) The system to be controlled is required to have stable zero

dynamics because the use of inverse system.
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One of the solutions to minimise these problems is to
train an IM and IC with the help of the identified ANN from
stabilised nonlinear system using linear IMC. Large number
of engineering applications of ANN and ANFIS are presented
in literature review such as voltage and frequency regulation
in micro-grids’®, thermal control®, control of a grid connected
hybrid system'® and autonomous flight control of an unmanned
air vehicles'" etc. The applications of IMCs for different
systems are presented in'*'S. A conventional first order low
pass filter is considered for S-IMC'. A modified second order
filter is designed in this study.

Based on the S-IMC structure, a new IMC structure with
enhanced robustness was developed and named as enhanced
IMC by Zhu'?, et al. In enhanced IMC structure, an additional
path is incorporated to the plant through a compensator C(s)
and the application of enhanced IMC is presented'®". In this
study, an adaptive control is used for design of C,(s) that can
further reduce the effects of parametric uncertainties and
external disturbances as compared to the S-IMC. A modified
IMC is proposed by Li & Gu'* and applied to PMSM. In
modified IMC, a feedback control term C,(s) is designed.
Based an enhanced, modified and nonlinear IMC, a novel
structure of IMC is proposed and called I-IMC. In this study
[-IMC is designed for nonlinear HDV via the linearised HDV
system. For nonlinear HDV system, I-IMC is designed using
ANN and ANFIS i.e. IM and IC are designed using ANN and
ANFIS. A comparative performance analysis of ANN and
ANFIS based I-IMC for nonlinear HDV is presented in order
to identify the better one. The performance specifications such
as integral of the absolute error (IAE), integral of the square of
error (ISE), overshoot (OS), rise time (RT) and settling time
(ST) are considered for performance analysis of HDV with
designed controllers.
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2. NONLINEAR HDV SYSTEM

The complete block diagram of HDV system with
electronic throttle control (ETC) for speed control application
is given in Fig. 1. The desired throttle angular position 6’
is achieved by the IMC techniques based on the desired and
actual speed of vehicle.

The detailed modelling of HDV system is presented by
Yadav & Gaur'?, The dynamics of BLDC servo motor for
design of ETC system is as follows'%:

di, do

L: dt __Rsls_KbNEJ'_Ea (la)
2

74 ?z—B(@]+NTm—Ta (1b)
dt dt

where i is stator current (A), £, applied motor voltage, K,
is back EMF constant, R and L_ are stator resistance and
inductance of motor, respectively. The gear ratio N is defined

0, T . e
as N=—2=-%where is motor shaft angular position in

radians O is theL throttle plate angular position in radians, T . is
the torque transmitted from gear to throttle, 7, is the load torque
(Nm) and T, is torque due to air mass flow (Nm). Neglecting
the airflow torque T, because it is very small as compared to
the other torques present. The motor torque 7 is defined as
T = Kji where K, is motor torque constant. In Eqn (1); J and
B are described as: J=N°J +J, and B=N"B _+B,, where J and
J, are the inertia of the motor and throttle respectively, and
B and B, are damping coefficient of the motor and throttle,
respectively.

The nonlinear dynamics of HDV is given by Yadav &
Gaur'? and it is as follows:

F
ar.(®) —wmg cosPp—mgsinB-b,V /1, —oV?

tire

2
where F, is engine idle force caused by mechanical friction and
pumping losses in the engine and varies with different engine
power ratings and increases with engine size, whereasy
approximately reflects the combustion efficiency. It is almost
the same for different size of engines. F, is an engine force that
is the function of the throttle position 6, 1 is rolling resistance
coefficient and t, is engine time constant. In Eqn. (2), o is

m % F o,
dr

definedas o =0.5xpx 4, xc, ,wherep , 4_and ¢, represent the

d>’
density of air (kg/m?), the vehicle effective frontal area (m?),
and aerodynamic drag coefficient (Ns*Kgm) respectively.
The symbols bw Fe MLV, g and B represent the bearing
damping coefficient, effective radius of tire, mass of vehicle,
speed, gravity acceleration and road slope, respectively. The

road slope B is taken as a random value with variance of 2—7:)

radians that gives non-deterministic slope of road. If m is total
mass of the vehicle, it is defined as m_, , +m el ? where m el is
assumed to decrease linearly at the rate of 0.6 kg/km.

3. I-IMC FOR HDV SYSTEM
The structure of I-IMC is given in Fig. 2, here C,(s) is

a S-IMC, C,(s) is an adaptive control, C,(s) is a proportional
controller i.e. C(s) :kp IM G, (s) and the uncertain real HDV
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system G(s) which is influenced by external disturbance as
road grade and a noise.

The condition for perfect speed tracking, rejection of
external disturbances and minimising the effective noise is
achieved if G, (s) = G(s), and it is factorised as given below:

G, (5)=G,(s)x G, (s) 3)
where G, (s) is minimum phase part and G,"(s) is non-
minimum phase part of system, and for stable IM only G, (s)
is considered. The closed loop system is stable only if G(s) and
C(s) are stable. The controller C (s) is defined as follows:

C/(s)=F()/G,(s) )
where F(s) is a low pass filter that is considered by Yadav
& Gaur'? which is described as F (s): (ps+l)7" , where M
is tuning parameter, which maintains the speed tracking
performance and robustness of the system, and also minimises
the matching error e=V -V as shown in Fig. 2, e is high at
large disturbance and noise. is an integer and chosen such that
C,(s) becomes proper or semi-proper for physical realisation.
In this study F(s) is replaced by filter F ’(s) which is as
follows'*:

As® +@s+1

(us+1)
where A and ¢ should satisfy the condition as shown in Eqn.
(6) for poles p, and p, of second order system. N = 3 or 4
depending upon the requirement to make controller proper.

lim(1-7T(s))=0> 1 (©)

F(s)= )

where: T'(s) =C,(s)xG, (s) @)

From Eqns. (3) - (5) and (7), we get
As® +@s+1

(s +1)’

For the determination of modified filter parameter A
and ¢, a generalised from of G,” () is considered whereas
Saxena & Hote" considered it separately i.e. three different
cases, which has both all-pass and delay terms and defined as
below:

T(s)=G,(s)x ®)

+ _ (1 — as) X —Tys
G, (s)= —(l o) e ©))

From Eqns. (6), (8) and (9), we obtained Eqns. (10) and
(11) which is given below:

k{ (up, +1) X(1+ap1)xewl

p(p—p,) (l_apl)

(10)
_[ (up, +1)’ ><(1+apz)><er,,pz}_'_ 1
p,(p—py) (l_apz) V2
:{pz (b2+1) (1+apl)xerd*p1]
pi(p,—py) (l_apl)
(11

_ P1(“p2+1)nX(l+ap2)><erd*pz _(p1+p2)
p(p,=p) (1-ap,) D

where p, and p, are poles of the second order IM and satisfy
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the condition | P1| > | p2| . Equations (10) and (11) are modified
according to type of G,* (s) For example, if G, (s)=1, i.e.
neither contains all-pass term nor delay term then put a=0 and
Td=0 in Eqns. (10) and (11). From Fig. 2 the controlled input
to the HDV system has the form as follows:
uze*:u*—u**ju'+u"—C2(s)xé (12)
where 1 and u" are the outputs of C,(s) and C,(s) of S-IMC

respectively. The gain k>0 is designed such thatj'kpdt <o,

then speed tracking error e(f) will asymptotically 0converge
to zero.C,(s), is an adaptive control which is defined as
k=u"xé&x,wherel is an adaptation gain.

3.1 Design of of S-IMC via IM

For the design of S-IMC, initially it is required to design
the original nonlinear HDV system in s domain, and then stable
and reduced second order IM is obtained from the linearised
system. The complete linear HDV system G(s) is defined as

G(5)=Gpre ()% G e (5) 13)
where G, (s) and G, ,(s) are the transfer functions of
ETC and vehicle systems. The two conventional PI controllers
namely speed and position controllers are used for G, .(s)
which is seen in Fig. 1. The numerical values of HDV system
parameters in SI unit are given in Table 1'2. The gains of these
PI controllers are determined using Ziegler Nichols tuning
method. The gains such as k = 15.75, k=3150 and k =7, k.=
105 for speed and position controllers, respectively for system
parameters as given in Table 1 are obtained. The closed loop
transfer function of ETC system is as follows:

3.56x10%s* +7.66
x10%s+1.1x10"

9(5)

For the design of G, , (s) the nonlinear vehicle model is
linearised at speed 25m/s and throttle position 0.1649 radian or
9.54°, and the transfer function of linearised HDV is obtained
and is given by: v(s)/0(s)=0278/(s" +25+0.0062). The
actual linearised complete vehicle system with ETC system
and dead time is represented as:

V(s) 9.897%10°s> +2.127*10% 5 +3.058*10°
G(S): * = 7 6 5.5 8 4
0 (s) s +452.85" +5.1*10°s” +1.1*10%s
+9.8%10°s* +1.3*%10"s* +2.2*10" s+ 6.82*10’
15)
Equation (15)isto bereduced to second order for the design
of IM and IC controller to avoid further complications as IMC
order also depends on the order of IM. Hankel approximation
was performed using the MATLAB command ‘hankelmr’. It
gives reduced second order IM, and given below:

—0.0155+0.32

xe

G s)= —Tys 1
»() s*+2.275+0.007 (16)
From Eqns. (3), (16) is factorised as
G. ()= 20.015s+0.32 and G (s)= 0.32—0.0155X s
s +2.275+0.007 0.32+0.015s
(17

The value of ISE of IM using Hankel is 2.12x10™* , which

n 2
is calculated using ISE=Y"" [g(t)-g,(t)] , where g(1)
and g (¢) are the step responses of original and reduced order
systems, respectively.
Taking n=1.2,7, =0.1,n =3 and using Eqns. (10) and
(11), Aand¢ are determined. The S-IMC with modified filter
using Hankel approach is given by Eqn. (18).

G (5)=—= =
wre (5)= 7 () 5745085 +5.1x10%5 7105 (19 €, (s)= 8324378055 15" +2.275+0.007
3
x10°5? +7.66x10%s +1.1x10" (1.2%s+1) 0.0155+0.32 (18)
Table 1. Numerical values of single phase BLDC motor and vehicle used in where Aande are 0.832and 3.7805,

simulation'?.

respectively.

Single Phase BLDC motor for design of ETC system

3.2 Simulation Results and

Discussion
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Figure 1. Block diagram of nonlinear HDV with ETC system.
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C3(s)

G (s)

Figure 2. Structure of I-IMC.

over S-IMC. Figure 5 represents the matching error with
these controllers for linear and nonlinear systems. For
S-IMC only C/(s) as in Eqn. (18) is considered, and for
I-IMC C((s), C/(s), and C,(s) all are considered as given in
Fig. 2. The gain of C, is optimised using genetic algorithm with

fitness function J =w, x _He (tj dt+w,, x jez (t)dt , wherew,
0 0
and w,, are weights to performance specifications such as

IAE and ISE respectively. The adaptation gain I' for C, is
0.001 and the gain kp of C, is 0.0004. The nonlinear HDV with
S-IMC does not give the desirable performance such as 84.87
per cent OS, 6.2s RT, and 37.6s ST whereas S-IMC for linear
HDV system gives desirable performance i.e. nearly 30 per
cent OS and 5 s ST for the selected vehicle speed (SVS) of 15
m/s as shown in Fig. 3. The speed response of nonlinear HDV
using [-IMC significantly improves the performances in terms

a0 : .
_ 2 N, "ttt SVS === Linear == Nonlinear
o T - {
2 X r~g ,*, \*\ |
= allan -rﬂﬁm“nkﬂnnnﬁ:ﬁﬂm_—-
5 10 l,. ," ............................... . .|
rd
i} i
0 10 20 sy W0 40 20

Figure 3. Speed response of HDV system with S-IMC.
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Figure 4. Speed response of HDV system with I-IMC.
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Figure 5. Matching error in speed of HDV system with S-IMC
and I-IMC.
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of OS, RT and ST by 8 per cent, 39.52 per cent, and 51.86 per
cent respectively. The percentage improvement using [-IMC
is achieved by reducing the matching error e =V -V between
original nonlinear HDV system and reduced linear model as
shown in Fig. 5.

From response Figs. 3 to 5, it can be concluded that
I-IMC gives improved tracking performance as compared to
the S-IMC for nonlinear HDV model.

4. ANN AND ANFIS BASED I-IMC FOR
NONLINEAR HDV
ANN and ANFIS based I-IMCs are developed for actual
nonlinear HDV system. For I-IMC, ANFIS and ANN are used
to design IM and IC as shown in Fig. 6. In this figure, C(s),
C,(s) and the filter part of C (S) are same as previous section,
and only IM and IC are designed using ANN and ANFIS.

Robust] JANNANFIS
Filter [*|lnverse Model

[everse Controller
G, Nokse
ANNIANFLS
Improved IMC Internal Model

Figure 6. Basic structure of ANN/ANFIS based I-IMC.

4.1 Design of an ANN based IM and IC

The ANN based I-IMC strategy has advantages over
mathematical strategies i.e. S-IMC in terms of accurate
speed control with reduced road grade disturbances and mass
uncertainty. Using neural network toolbox of MATLAB, an
ANN model is developed. ANN utilises connectivity between
input, hidden and output neurons for calculating the optimal
output in absence of mathematical model. The input layer
consists of two neurons namely desired throttle position 6°
and its derivative d8°/dt . The hidden layer has 20 neurons and
output of the output layer is speed V for the IM. For the design
of IC, input neurons are ¥ and dv/dt , 20 neurons are used by
hidden layer and ©" is taken as output of the output neuron.
The training data sets of 64042 in numbers are acquired from
the nonlinear HDV system that is controlled by C, of S-IMC
for that response is shown in Fig. 3. In training goal mean
square error is set to 0.0001 with a maximum 500 epochs, 0.06
learning rate, and the Levenberge Marquardt algorithm is used
as a training algorithm.

4.2 Design of an ANFIS-based IM and IC

Inherently, fuzzy logic controller is difficult in developing
optimal fuzzy rules and membership functions, so, in many
cases, rules are organised intuitively. To overcome this
difficulty, a new approach ANFIS has been introduced for
developing a globally-applicable control model. It is one of
the most successful neuro-fuzzy systems developed by Jang,
which applies neural learning rules to identify and tune the
parameters and structure of a fuzzy inference system, based
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only on the available data. Its main characteristics are:

* the implementation is easy

+ the learning is fast and accurate

* it has strong generalisation skills

* the fuzzy rules make its understanding easier, and

* it is easy to incorporate both linguistic and numeric
knowledge for problem solving.

In ANFIS, the FIS is designed a five-layer adaptive
network* as shown in Fig. 7 in which a circle indicates a fixed
node, and a square indicates an adaptive node. The hybrid
learning rule, which combines a back propagation type gradient
descent and the least-square estimate, is used to optimize
the parameters of FIS on an adaptive network. ANFIS can
approximate all nonlinear systems using less training data, a
speedy learning process, and superior precision.

To design the ANFIS based IM and IC of the I-IMC for
nonlinear HDV;; the following basic steps are used:

1) data generation

2) rule extraction and membership functions
3) training and testing, and

4) results.

The structure of the proposed ANFIS is the Sugeno-type,
and the general form of a fuzzy rule for a 2-input and 1-output
first-order Sugeno fuzzy system is given as follows:

If(x=4)and (y = B, Yhen(f, = px+qy+r) (19

Ist 2nd 3rd 4th 5th
Layer Layer Layer Layer Layer

Figure 7. Structure of ANFIS.

Fori=1,.L;j=1.M;k=1,.N;N=LxM, where x
and y are the inputs, and L is the size of fuzzy set 4 and M is
the size of fuzzy set B and N is the size of fuzzy rule. f, is the
output within the fuzzy region specified by the fuzzy rule; p,, g,
and r, are the designed parameters that are determined during
the training process; and i and j are the number of membership
functions of each inputs.

In ANFIS based IM and IC, developed inputs and
outputs are same as in ANN. The membership functions for
input variables ©° and 6" for IM are shown in Fig. 8(a) and
8(b), respectively, and the membership functions for input
variables V and ¥ for IC are presented in Figs. 9(a) and 9(b),
respectively. The ANFIS based IM and IC is designed by using
the ANFIS editor toolbox in MATLAB. Gaussian and linear
type of membership functions for input and output variables
respectively are selected for IM and IC. The number of epochs
is selected as 25. A hybrid learning algorithm, i.e., a mixed
least-square and back-propagation scheme is used for training
the ANFIS. The detailed parameters of the proposed ANFIS

L

! \ ,/

V y;\v/\,\w {

-\_

A0

ul e w4 . | L B L]

N \\_/\\ &
/ / >,f >f .
S-{/\\-_)\ &) \){{/ \‘\\}{v / \N

Figure 8. Membership functions of input variables for IM
(2) 0" and (b) 0"

(2

Figure 9 Membership functions of input variables for IC
(a) Vand (b)) .

are: number of nodes = 131, number of linear parameters =
147, number of nonlinear parameters = 28, total number of
parameters = 175 and number of training data pairs = 64042.
The numbers of Sugeno fuzzy rules are 49 for both IM and IC.
The training errors as 0.617471 for IM and 0.019821 for IC
are observed.

The linguistic variables of the inputs are negative big
(NB), negative medium (NM), negative small (NS), zero
(ZE), positive small (PS), positive medium (PM), positive big
(PB), positive very small (PVS), positive very big (PVB) and
positive very very big (PVVB). The Sugeno fuzzy rules for IM
are observed as: if ©° is negative big and 0" is also negative
big then vehicle speed V¥ =-173.30"+92.270" -1.817.
Similarly, the Sugeno fuzzy rules for IC are observed as: if
V is zero and V is negative big then desired throttle position
0" =122V -2.77V +0.26..

5. SIMULATION RESULTS AND DISCUSSION
Simulation results of nonlinear HDV with I-IMC, designed

using ANN and ANFIS are presented here. The closed loop

nonlinear model of HDV is run and response is studied for
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a SVS in acceleration, deceleration and cruise control modes.
Figure 10 shows the speed response of nonlinear HDV with
ANN and ANFIS based I-IMC. The road grade B =m/20 as
disturbance and a random noise signal is considered.

1] ! ' ' ' T AV T ' ' -
E?ﬂ : ,N.J“A M\jﬁ
T Lawhet e
@i ——=ANN

n 1 1 1 1 1 | 1 L -~ -A“FIS

] 0 20 N 40t i5) 50 Bl 70 B0 1] 100

Figure 10. Speed response of ANN and ANFIS based I-IMC.

The ANFIS based I-IMC gives the value of IAE and ISE
as 101.1 and 462.8, respectively which are less as compared to
values obtained from ANN based I-IMC as 107.7 and 475.3.
Hence ANFIS based I-IMC is better for nonlinear HDV under
non-deterministic road grade disturbance and noise. Figure 11
shows the comparison in speed response for the ANFIS based
I-IMC with and without adaptive control i.e. C, as shown in Fig.
6 in servo and regulatory modes of nonlinear HDV system.

The speed response without adaptive control gives 1.85
per cent servo OS and 6.1 s servo ST and the speed response
with adaptive control gives servo OS of 4.16 per cent and
comparatively small servo ST of 5.6 s. Hence [-IMC with
adaptive control gives desirable high servo OS and improves
the servo ST by 8.9 per cent. To test the regulatory behavior, i.e.
road grade disturbance rejection and effect of mass uncertainty
on speed performance of HDV using ANFIS based [-IMC
with and without adaptive control,8, = pi/4 radian road
slope and §,, =20000 kg mass at t = 10 s for 1 s are applied
simultaneously. From the enlarged view of Fig. 11, since J,
and §, are considered simultaneously, the large dip in speed
i.e. 5.52 m/s and 5.9 m/s with and without adaptive control
respectively is seen. The speed recovery time i.e. regulatory
ST is 2.5 s and 3 s using with and without adaptive control
of I-IMC. When adaptive control is used, regulatory dip in
speed is improved by 6.5 per cent and regulatory ST is about
17 per cent less as compared to without adaptive control. From
Fig. 11, it is clearly seen that the servo and regulatory
performance specifications such as servo OS and ST are
improved using I-IMC with adaptive control over I-IMC
without adaptive control. The more OS and ST in the HDV
system have some implication with more fuel consumption.

Figures 12(a) to 12(d) show the speed response of uncertain
vehicle under non-deterministic road grade varying within
+pi/20 radian and vehicle under 50 per cent uncertainty

R ;.-;\-r...-__._' | —
E
&'U' ......... o
===with adaplive
0 J == withewt adaptive
0 14 13 ig X

Figure 11. Response of nonlinear HDV with ANFIS based
I-IMC.
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in mass i.e. vehicle with partially loading and overloading
conditions without and with adaptive control of ANN and
ANFIS based I-IMC, respectiviely. In Figs. 12(a) to 12(d); the
SVS is represented by dotted line which are in acceleration,
deceleration and constant speed modes. These results are used
to verify the robustness of the uncertain and nonlinear HDV
system with and without adaptive control of ANN and ANFIS
based I-IMC.

The IAE (:.Tﬂe(tjdt) and ISE (:'forez(t)dt) are

determined using re?sponse plots as given in Figs. 12 (a) to
12(d) with T=100s and e=V" -V . The values of IAE and
ISE for nominal and 50% uncertainty in mass are given in
Table 2. The main goal of designing of I-IMC with adaptive
control is its ability to work well under uncertain environment.
The TAE and ISE are used for robustness performance of ANN
and ANFIS based I-IMC with and without adaptive control
for the nonlinear and uncertain HDV. It is clearly seen from
Figs. 12(a) to 12(d) that the HDV speed tracks the SVS. It also
shows the robust performance because it gives nearly the same
response for a large range of uncertainties.

Form Table 2, the ANFIS based I-IMC with adaptive
control gives a smaller value of IAE and ISE for nominal and
uncertain system. Hence the ANFIS based I-IMC with adaptive

(=]

=]

Speed (m's)

=

=

&0 1z &0 1] kit 1] 1] L]

Speed (MeE)

1]

=

Speed (mis)

i | ...... m ___m'z fy == .rm

& 15 50 60 b a0 @0 100

()

Figure 12. Response of speed under non-deterministic road grade,
noise and uncertainty in mass ; (a) ANN based I-IMC
without adaptive control, (b) ANN based I-IMC with
adaptive control, (c) ANFIS based I-IMC without
adaptive control, (d) ANFIS based I-IMC with adaptive
control.
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Table 2. Performance index for nominal and uncertain HDV
system
Nominal +50% uncertainty in mass
I-IMC mass (M) ower (m/2) Upper (2 x m)
IAE ISE 1ITAE ISE [IAE ISE
ANN  without 102.2 467.2 90.3 323.8 161.6 864
based adaptive
with 949 407.5 96.36 3274 110.7 5919
adaptive
ANFIS without 101.1 4632 89.76 322 160.9 859.1
based adaptive
with 94.1 4039 9395 318.5 111.3 5854
adaptive

control gives more robustness to the system i.e. disturbance and
noise rejection as compared to the other designed controllers.
Apart from robustness a steady state error is observed when
vehicle runs in accelerating mode as seen in Figs. 12(a) and
12(c) at 30s - 40s. The presence of steady state error is due
to the uncertainties, the effect of which cannot be eliminated
using [-IMC without adaptive control. Therefore, vehicle
consumes more fuel when the system has oscillations without
reach to the desired speed hence this way ANFIS based I-IMC
with fuzzy adaptive control removes steady state error, and
improves overall performance by less energy consumption.

6. CONCLUSION

In this study, the ANN and ANFIS based [-IMC with an
adaptive control is designed and its performance is compared
with ANN and ANFIS based I-IMC without adaptive control
for the nonlinear and uncertain HDV system. A detailed
comparative analysis of ANN and ANFIS based I-IMC with
and without adaptive control for speed control of nonlinear
HDV vividly shows that the ANFIS based I-IMC with
adaptive control gives better transient, steady state and robust
performance as compared to ANN and ANFIS based I-IMC
without adaptive control. The least values of OS, ST, IAE and
ISE are achieved using the ANFIS based I-IMC with adaptive
control. Fast response with negligible steady state error in
desired speed, requires minimal change in the current and
torque for the desired throttle position which ensures better
fuel economy and efficiency of HDV. The proposed ANFIS
based I-IMC with adaptive control for nonlinear HDV is more
suitable for variable speed under uncertain environment and
long drives. This usually results in better fuel economy with
reduced pollution. This technique may also be used for other
complex and nonlinear systems.

REFERENCES

1. Yadav, A.K. & Gaur, P. Robust adaptive speed control of
uncertain hybrid electric vehicle using electronic throttle
control with varying road grade. Nonlinear Dynamics,
2014, 76(1), 305-321. doi:10.1007/s11071-013-1128-9.

2.  Denai, M.A.;Palis, F. & Zeghbib, A. Modeling and control
of non-linear systems using soft computing techniques.
Appl. Soft Comput., 2007, 7(3), 728-738.
doi:10.1016/j.as0c.2005.12.005.

3.

10.

11.

12.

13.

14.

15.

16.

Li, H.X. & Deng, H. An approximate internal model-based
neural control for unknown nonlinear discrete processes.
IEEE Trans. Neural Networks, 2006, 17(3), 659-670.
doi:10.1109/TNN.2006.873277.

Jang, J.S.R. ANFIS: Adaptive-network-based fuzzy
inference system. IEEE Trans. Sys., Man, Cybernetics,
1993, 23(3), 665-685. d0i:10.1109/21.256541.
Moona,J.W.;Jung, S.K.;Kim, Y. & Han, S.H. Comparative
study of artificial intelligence-based building thermal
control methods - Application of fuzzy, adaptive neuro-
fuzzy inference system, and artificial neural network.
Appl. Thermal Eng., 2011, 31(14-15), 2422-2429.
doi:10.1016/j.applthermaleng.2011.04.006.

Garcia, C.E. & Morari, M. Intenal model control-1: A
unifying review and some new results. Ind. Eng. Chem.
Process Des. Develop., 1982, 21(2), 308-323.
doi:10.1021/i200017a016.

Economou, C.G.; Morari, M. & Palsson, B.O. Internal
model control, 5. Extension to nonlinear systems. Ind.
Eng. Chem. Process Des. Dev., 1986, 25(2), 403—411.
doi:10.1021/i200033a010

Hunt, K.J. & Sbarbaro, D. Neural networks for nonlinear
internal model control. I[EE Proceedings-D, 1991, 138(5),
431-438. doi:10.1049/ip-d.1991.0059

Bevrani, H. & Shokoohi, S. An intelligent droop control
for simultaneous voltage and frequency regulation in
islanded microgrids. IEEE Trans. Smart Grid, 2013, 4(3),
1505-1513. doi:10.1109/TSG.2013.2258947

Garcia, P.; Garcia, C.A.; Fernandez, L.M.; Llorens, F.
& Jurado, F. ANFIS-based control of a grid connected
hybrid system integrating renewable energies, hydrogen
and batteries. I[EEE Trans. Industrial Info., 2014, 10(2),
1107-1117. doi:10.1109/T11.2013.2290069

Kurnaz, S.; Cetin, O. & Kaynak, O. Adaptive neuro-fuzzy
inference system based autonomous flight control of
unmanned air vehicles. Expert Sys. Applica. 2010, 37(2),
1229-1234. doi:10.1016/j.eswa.2009.06.009

Yadav, A.K. & Gaur, P. Intelligent modified internal
model control for speed control of nonlinear uncertain
heavy duty vehicles. IS4 Transactions, 2015, 56(3), 288-
298. doi:10.1016/j.isatra.2014.12.001

Rupp, D. & Guzzella, L. Adaptive internal model control
with application to fueling control. Control Engineering
Practice, 2010, 18(8), 873-881.
doi:10.1016/j.conengprac.2010.03.011

Li, S. & Gu, H. Fuzzy adaptive internal model control
schemes for PMSM speed-regulation system. I[EEE Trans.
Industrial Info., 2012, 8(4), 767-779.
doi:10.1109/T11.2012.2205581

Saxena, S. & Hote, Y.V. Load Frequency control in power
systems via internal model control scheme and model-
order reduction. IEEE Trans. Power Sys., 2013, 28(3),
2749-2757. doi:10.1109/TPWRS.2013.2245349

Jha, SK.; Yadav, AK.; Gaur, P.; Gupta, JRP. &
Parthasarathy, H. Robust and optimal control analysis
of sun seeker system. J. Control Engg. Appl. Info., 2014,
16(1), 70-79.

671



DEF. SCI. J., VOL. 66, NO. 6, NOVEMBER 2016

17. Zhu, H.A.; Hong, G.S.; Teo, C.L. & Poo, A.N. Internal
model control with enhanced robustness. Int. J. Sys. Sci.,
1995, 26(2), 277-293. doi:10.1080/00207729508929036

18. Kim, B.K.; Choi, H.T.; Chung, W.K. & Suh, [.H. Analysis
and design of robust motion controllers in the unified
framework. J. Dyn. Sys., Meas., Control, 2002, 124(2),
313-321. doi:10.1115/1.1468995

19. Kim, B.K.; Chung, W.K. & Ohba, K. Design and
performance tuning of sliding-mode controller for
high -speed and high-accuracy positioning systems in
disturbance observer framework. /IEEE Trans. Industrial
Electron., 2009, 56(10), 3798-3809.
doi: 10.1109/TIE.2009.2028357

672

CONTRIBUTORS

Mr Anil Kumar Yadav received his BTech (Electronics and
Instrumentation Engineering) from Uttar Pradesh Technical
University, Lucknow, in 2007 and MTech from Netaji Subhas
Institute of Technology (NSIT), Delhi University, Delhi, in
2010 and currently pursuing his PhD from NSIT. Currently
working as an Assistant Professor at Banasthali Vidyapith,
Tonk, Rajasthan, India. His research interests include: Al based
control and nonlinear control system.

In the current research study, he has contributed in implementation
of ANFIS based improved IMC for nonlinear HDV, writing
and organisation of the manuscript.

Dr Prerna Gaur received her BTech and MTech from G.B.
Pant College of Technology, Uttaranchal and Delhi College of
Engineering, Delhi University, in 1988 and 1996, respectively.
She is PhD in the field of Al based Motion Control of PMSM.
Currently she is working as a Professor in the Instrumentation
and Control Engineering Division at Netaji Subhas Institute
of Technology, Delhi University.

In the current study, she provided initial idea for ANN based
improved IMC, writing of introduction and improving the
overall manuscript.



