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 Fuzzy adaptive controller is developed for HIV infection in which functions 
of the system are unknown. A non-affine nonlinear system is considered for 
the HIV infection dynamic model. The merits of the proposed method is as 
the stability of the closed-loop system (HIV + Controller), the convergence 
of the infected cells concentration rates to zero and the boundedness of the 
internal signal and infected cell concentration. The simulation results show 
the promising performance of the proposed method. 
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1. INTRODUCTION 

Nowadays some class of investigations have been done on HIV, it's biological model and control 
theory given to the reason that there are a few papers have been written on that lately. Some previous works 
show that infection in its first steps can be developed using nonlinear geometric control [1]. There are other 
examples which describe the procedure. In [2], time-delay feedback control using Lyapunov function has 
been used to stabilize the same HIV1 model in this paper. Other examples such as model based feedback [3], 
predictive control [4], optimal control [5], adaptive control [6, 7] are discussed.  Also simple nonlinear model 
state space models by adding clinical results have been analyzes [8]. 

Because of tunable structure and the performance of the FAC, it is superior that of the fuzzy 
controller and adaptive control.Designing Impulsive control for HIV dynamic system as a class of nonlinear 
impulsive system is presented in [9].  Feedback linearization control is applied to HIV nonlinear dynamics in 
[10]. Designing nonlinear state estimator and model predictive controller based on observer is discussed in 
[11]. 

Using of the adaptive controller (FAC) has been fully studied as follow: To use the TS fuzzy 
systems for modelling of nonlinear systems and designing the controllers with guaranteed stability are 
presented in [12]. To model affine nonlinear systems and to designing stable TS based controllers have been 
employed in [13]. Designing of the sliding mode fuzzy adaptive controller for a class of multivariable TS 
fuzzy systems are presented in [14]. In [15], the non-affine nonlinear functions are first approximated by the 
TS fuzzy systems, and then stable TS fuzzy controller and observer are designed for the obtained model. In 
these papers, modelling and controller has been designed simply, but the systems must be linearizable around 
some operating points.  
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[16] has considered linguistic fuzzy systems to design stable adaptive controller for affine systems 
based on feedback linearization and furthermore it has been considered that the zero dynamic is stable. To 
design designing stable FAC and linear observer for class of affine nonlinear systems are presented in [17]. 
Fuzzy adaptive sliding mode controller is presented for the class of affine nonlinear time delay systems in 
[18]. The output feedback FAC for class of affine nonlinear MIMO systems is suggested in [19]. [20] 
designed FAC for a class of affine nonlinear time delayed systems. The main incompetency of these papers is 
those restricted conditions. 

FAC has been never applied to HIV Treatment. This paper proposes a new method to design an 
adaptive controller based on fuzzy systems for a class of non-affine nonlinear systems with the following 
properties: guaranteed stability, robustness against uncertainties and external disturbances and approximation 
errors, to avoid chattering, and finally convergence of the output error to zero.  

The rest of the paper is organized as follows. Section 2 gives problem statement. To design Fuzzy 
adaptive controller is proposed in section 3. Section 4 shows simulation results of the proposed controller and 
finally section 5 concludes the paper. 
 
 
2. PROBLEM STATEMENT 

Consider the following non-affine nonlinear system 
 

( ) ( ) ( ) 1, 2,...,l l l l

n

x f x g x u d t l n
y x

= + + =
 =


 (1)  

 
where n

T n
1x= [x , . . . , x ]  R∈ is the state vector of the system which is assumed available for 

measurement, u  R∈ is the control input, y R∈ is the system output, f (x) l 's are unknown smooth 

nonlinear functions, ( )ld t  for 1, 2,..., n=  are bounded disturbance. 
The control objective is to design an adaptive fuzzy controller for system (1) such that the system 

output y(t) follows a desired trajectory dy (t) while all signals in the closed-loop system remain bounded. 
Consider the following assumption in this paper. 
Assumption: the function ( )ng x  satisfies the following condition: 
 

n
min

dm

( )  > 0 , (x,u)  R × R
( )  

n

n

g x g
dg x g

dt

≥ ∀ ∈

≥
 (2) 

 

min,dmg g ∈ is known and define later.  
The desired trajectory and its time derivatives are all smooth and bounded. The external disturbance 

is bounded. 
Define the tracking error as follow. 
 

de y y= −  (3) 
 
Taking derivative of both sides of the equation (3) we have 
 

( )( ) ( ) ( )d n n ne y f x g x u d t= − + +   (4) 
 
To construct controller, let v be defined as  
 

dv y ke v ′= + +  (5) 
 
By adding and subtracting the term ke v ′+ from the right-hand side of equation (4), we obtain 
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( )( ) ( ) ( )n n ne v ke v f x g x u d t′= − − − + +  (6) 
 
Invoking the implicit function theorem, it is obvious that the nonlinear algebraic equation 

( ) ( ) 0n nf x g x u v+ − =  is locally soluble for the input u for an arbitrary (x,v) . Thus, there exists some 

ideal controller *u (x,v) satisfying the following equality for a given n(x,v) R × R∈ : 
 

( ) ( ) 0n nf x g x u v+ − =  (7) 
 
As a result of the mean value theorem, the nonlinear function ( ) ( )n nf x g x u+ can be expressed 

around *u as: 
 

* * *
n u( ) ( ) = ( ) ( ) +(u-u ) ( ) f (x,u )+e ( )n n n n n nf x g x u f x g x u g x g x+ + =  (8) 

 
Substituting equation (7) into the error equation (6) and using (8), we get  
 

( ) ( )u n ne ke e g x d t v ′= − − − −  (9)  
 
In the following, a fuzzy system and classic controller will be used to obtain the unknown ideal 

controller. 
 
 
3. FUZZY ADAPTIVE CONTROLLER DESIGN 

In Section 2, it has been shown that there exists an ideal control for achieving control objectives. In 
this section, we show how to develop a fuzzy system to adaptively approximate the unknown ideal controller. 

The ideal controller can be represented as: 
 

* ( ) uu f z ε= +  (10) 
 
Where *( ) ( )f z w zθ= , and * 1 2 ... My y yθ  =   and 1 2( ) [ ( ) ( ) ... ( )]TMw x w x w x w x=  

are consequent parameters and a set of fuzzy basis functions, respectively. 
where ( )l

i
iA

xµ is the membership degree of the input xi to those fuzzy set and ly is the point at 

which the membership function of fuzzy set of the output achieves its maximum value. Here, the sum-
product inference and the center-average defuzzifier are used for fuzzy system. 

uε is an approximation error that satisfies maxuε ε≤  and max 0ε > . The parameters *
1θ  are 

determined through the following optimization. 
 

1

*
1 1 1arg min sup ( ) ( )Tw z f z

θ
θ θ = − 

 
(11) 

 
Denote the estimate of *

1θ  as 1θ and robu  as a robust controller to compensate approximation error, 
uncertainties, and disturbance to rewrite the controller given in (10) as: 

 
( )T

robu w z uθ= +  (12) 
 
 In which robu is defined below. 
 

min
min

( ) ˆ( )rob r ic
sign peu u g u v

g
′= + +  (13) 
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In the above, icu compensates for approximation errors and uncertainties, ru  is designed to 

compensate for bounded external disturbances, and v̂ ′  is estimation of v ′ . Define error vector *θ θ θ= −   
and use (12) and (13) to rewrite the error equation (10) as: 

 

( )( ) ( )T
n rob ne ke g x w u d t vθ ε ′= − − + − − −  (14) 

 
Consider the following update laws. 
 

min min min

ˆ, , ,ru v
r ic uicu pe v pe pew u pe

g g g
θγ γγ θ γ= = = =  

 
(15)  

 
where , , , 0

ru v uicθγ γ γ γ > are constant parameters. 
In following equation, max(.)λ  and (.)maxsvd  are maximum eigenvalue and maximum singular 

value decomposition, respectively. 

Lemma: The following inequality holds if m
max max

min
( ) ( )dfQ Pfλ λ≥ − . 

 

2

1 0T Tn

n n

ge Qe e Pe
g g

+ ≥


 (16)  

 
For proof of the above lemma refer to [21]. 
Theorem: consider the error of the dynamical system given in (16) for the large scale system (1) 

satisfying assumption (1), the external disturbances satisfying assumption (3), and a desired trajectory 
satisfying assumption (2), then the controller structure given in (14), (15) with adaptation laws (17) makes 
the tracking error converge asymptotically to origin and all signals in the closed loop system be bounded. 

Proof: Based on this assumption it has been considered the following function is Lyapunov function.  
 

22 21 1
2

r ic

T
T icr

n u u v

uu vV e Pe
g θ

θ θ
γ γ γ γ

 
= + + + +  

 

   
 (17) 

 
where *θ θ θ= − , maxr ru u d= − , maxic icu u ε= − , and ˆv v v′ ′ ′= − . The time derivative 

of the Lyapunov function becomes. 
 

2

ˆ ˆˆ ˆ1 1 1
2

r ic

T
T T T ic icn r r

n n n u u v

u ug u u vvV e Pe e Pe e Pe
g g g θ

θ θ
γ γ γ γ

  
 = + + + + + +      

        (18) 

 
Use (14), to rewrite above equation as: 
 

( )2

ˆ ˆˆ ˆ1 1 ( ) ( )
2

r ic

T
T T T ic icn r r

u n n
n n n u u v

u ug u uPe vvV e k P Pk e e Pe e g d t v
g g g θ

θ θ
γ γ γ γ

  
 ′= + + + − − − + + + +      

    

 

(19) 

 
Use (13), to rewrite (19) as follow. 
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( )

max 1 12
min min

min
min

1
2 2

ˆ ˆˆ ˆˆ
r ic

T T Tn

n n

T
ic icr r

r ic
u u v

pe v pegV e Qe e pe d pe w pe
g g g g

pe u uu u vvu g u v
g θ

θ ε

θ θ
γ γ γ γ

′
≤ − − + + − +

 
 ′− + + + + + +
 
 

 

    

  (20) 

 
Using assumption (1) yields min1 1ng g≤ , to rewrite (20) as follow. 
 

( ) ( )

( )

max2
min min

max 1 1

1 ˆ
2 2

ˆ ˆˆ ˆ

r

r ic
ic

T Tn
r

n n u v

T
T ic icr r

ic
u u vu

pe pegV e Qe e pe u d v v
g g g g

u uu u vvpe u pe w
θ

θ θε θ
γ γ γ γ

′ ′≤ − − − − − −

 
 − − − + + + +
 
 

 





 

    


 

(21) 

 
Using (15), the above inequality rewrites as: 
 

2

1 1
2

T Tn

n n

gV e Qe e Pe
g g

 
≤ − + 

 

  (22) 

 
Use the lemma, 0V ≤  are satisfied. Using Barbalet's lemma, it is guaranteed the tracking error 

asymptotically to the neighborhood of the origin. Furthermore, boundedness of the coefficient parameters is 
guaranteed. It completes the proof. 

 
 
4. SIMULATION RESULTS  

In this section, we apply the proposed fuzzy model reference adaptive controller to HIV infection 
model [33]. 

 

1 1 2 1

2 2 1 2

2

0.001(1 ) 0.24 ( )
0.02 0.001(1 )

x u x x x d t
x s x u x x
y x

= − − +
 = − − −
 =



  (23) 

 
where x2 is healthy cells concentration, x1 shows infected cells concentration, and 

( ) 0.5sin(20 )d t tπ= is bounded external disturbance. The control objective is to make the output of the 
system track the desire trajectory.  

We consider the desired value of the output is exp( )
d

y tβ= − . Now we applied the proposed 

controller defined in (12), (13). Let 1 2 1 2[ , ] , [ , , ]T Tx x x z x x v= = and v are defined over[ 40,40]− . 
Each fuzzy system has 6 Gaussian membership functions over the defined sets. We set all the initial value of 

(0)θ , ˆ (0)ru , (0)icu , and ˆ (0)v ′  at zero. Furthermore, it has been considered that min 0.1f = , 30
ruγ = ,

4θγ = ,  10uicγ = , ˆ 2vγ ′ = . The first state of the system has been shown in figure (1). 
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Figure 1. The first state of the system 

 
 

Figure 2. Response of the output 
 

 
The output (second state) of the system is shown in figure (2). As shown in figure (2), it is obvious 

that the performance of the proposed controller is promising. The error between the output of the system and 
the desired value is shown in figure (3). 

 
 

 
 

Figure 3. The error between the output and the 
desired value 

 
 

Figure 4. Control input u 

 
 

Figure (4) shows the input of system. The input of the system mentioned in figure (4) after the 
transient time is shown in the following figure. 

 
 

 
 

Figure 5. Control input after transient time 
 
 
Till now, the fuzzy adaptive controller has been never applied to HIV dynamic model for treatment. 
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5. CONCLUSION 
This paper proposes a model reference adaptive controller for HIV treatment. Fuzzy systems are one 

of the most powerful tools in the controller design procedure. It has been shown that the derived adaptation 
laws guaranty the stability of closed-loop system, and asymptotic convergence of the infected cell 
concentration to zero. Robustness against external disturbances and approximation errors and relaxing the 
conditions are the merits of the proposed controller.  
 
 
REFERENCES 
[1] Biafore FL, D’Atellis CE. Exact linearization and control of a HIV-1 predator–prey model.  Proceedings of the 

2005 IEEE Engineering in Medicine and Biology 27th Annual Conference, Shanghai, China. 2005; 2367-2370. 
[2] Brandt ME, Chen G. Feedback control of a biodynamical model of HIV- 1. IEEE Transaction Biomed. 

Engeneering. 2001; 48 (7): 754-759.  
[3] Alvarez-Ramirez J, Meraz M, Velasco-Hernandez J. Feedback control of the chemotherapy of HIV. International 

Journal of Bifurcation and Chaos. 2000; 10 (9): 2207-2219. 
[4] Zurakowski R, Teel A. A model predictive control based scheduling method for HIV therapy. Journal of 

Theoretical Biology. 2006; 238(2): 368-382. 
[5] de Souza JF, Caetano M, Yoneyama T.Optimal Control Theory Applied to the Anti-Viral Treatment of AIDS.  

Proceedings of the 39th IEEE Conference on Decision and Control, Sydney, Australia. 2000: 4839-4844. 
[6] Cheng CF, Chang CT. Viral load analysis of a biodynamical model of HIV-1 with unknown equilibrium points. 

Proceedings of the 2004 IEEE International Conference on Control Applications, Taipei, Taiwan. 2004: 557-561. 
[7] Chang H, Shim H, Seo JH. Control of immune response of HIV infection model by gradual reduction of drug dose. 

Proceedings of the IEEE Conference on Decision and Control. 2004: 10-15.  
[8] Perelson A, Nelson P. Mathematical analysis of HIV-1 dynamics in vivo. Society for Industrial and Applied 

Mathematics Review. 1999; 41(1): 3-44. 
[9] Rivadeneira PS, Moog CH. Impulsive control of single-input nonlinear systems with application to HIV dynamics. 

Elsevier Science, Applied Mathematics and Computation. 2012; 218(1): 8462-8474. 
[10] Ikehara M, Ohmori H. Tracking Control System for HIV-Virus Dynamics by Global Linearization System. 2010 

IEEE International Conference on Control Applications Yokohama, Japan. 2010: 1626-1629 
[11] Pinheiro JV, Lemos JM. Multi-drug therapy design for HIV-1 infection using Nonlinear Model Predictive Control. 

19th Mediterranean Conference on Control and Automation, Aquis Corfu Holiday Palace, Corfu, Greece. 2011: 13-
17. 

[12] Feng G. An Approach to Adaptive Control of Fuzzy Dynamic Systems. IEEE Transactions on Fuzzy Systems. 
2002; 10(2): 268-275. 

[13] Hsu YC, Chen G, Tong S, Li HX. Integrated fuzzy modeling and adaptive control for nonlinear systems. 
Information Sciences. 2003; 153(1): 217-236. 

[14] Cheng CC, Chien SH. Adaptive sliding mode controller design based on T–S fuzzy system models. Automatica. 
2006; 42: 1005-1010. 

[15] Park CW, Park M. Adaptive parameter estimator based on T–S fuzzy models and its applications to indirect 
adaptive fuzzy control design. Elsevier Science, Information Sciences. 2004; 159: 125-139. 

[16] Jagannathan S. Adaptive Fuzzy Logic Control of Feedback Linearization Discrete Time Dynamical Systems under 
Persistence of Excitation. Automatica. 1998; 34(11): 1295-1310. 

[17] Zhang L. Stable Fuzzy Adaptive Control Based on Optimal Fuzzy Reasoning. IEEE, Proceedings of the Sixth 
International Conference on Intelligent Systems Design and Applications (ISDA'06). 2006. 

[18] Chiang CC. Adaptive Fuzzy Sliding Mode Control for Time-Delay Uncertain Large-Scale Systems. Proceedings of 
the 44th IEEE Conference on Decision and Control, and the European Control Conference Seville, Spain. 2005: 
4077-4082. 

[19] Yiqian T, Jianhui W, Shusheng G, Fengying Q. Fuzzy Adaptive Output Feedback Control for Nonlinear MIMO 
Systems Based On Observer. Proceedings of the 5th World Congress on Intelligent Control and Automation Hang 
Zhou P.R. China. 2004; 506-510. 

[20] Wu H. Decentralized Adaptive Robust Control for a Class of Large-Scale Systems Including Delayed State 
Perturbations in the Interconnections. IEEE Transactions on Automatic Control. 2002; 47(10): 1745-1751. 

[21] Ghasemi R, Menhaj MB, Abdi, B. Observer-Based State Tracking Adaptive Controller for a Class of Non-affine 
Nonlinear Systems: An Intelligent Approach systems. Advanced Materials Research. 2012; 488-489: 1798-1802. 

[22] Craig I, Xia X, Venter J. Introducing HIV/AIDS education into electrical engineering curriculum at the University 
of Pretoria. IEEE Transactions on Education. 2004; 47(1): 65–73.  

 
 
 
 
 
 
 
 

http://www.sciencedirect.com/science/journal/00225193
http://www.sciencedirect.com/science/journal/00225193


                ISSN: 2252-8938 

IJ-AI Vol. 2, No. 2, June 2013:  73 – 80 

80 

BIOGRAPHIES OF AUTHORS 
 

 

Reza Ghasemi was born in Tehran, Iran in 1979. He received his B.Sc degrees in Electrical 
engineering from Semnan University in 2000 and M.Sc. degrees and Ph.D. in control 
engineering from Amirkabir University of Technology, Tehran, Iran, in 2004 and 2009, 
respectively. 
His research interests include large-Scale Systems, Adaptive Control, Robust Control, Nonlinear 
Control, and Intelligent Systems. 
Dr. Reza Ghasemi joined the Department of Electrical Engineering, Islamic Azad University, 
Damavand Branch, Damavand, Iran, where he is currently an Assistant Professor of electrical 
engineering.  

  

 

Sadjad Asad Beigi was born in Tehran, Iran in 1981. He received his B.Sc degrees in Bio-
Electrical engineering from Science and Research Branch, Islamic Azad University in 2005 and 
M.Sc. degrees. in control engineering from Science and Research Branch, Islamic Azad 
University, Tehran, Iran, in 2009. 
His interests are Bio-electric, control Engineering. 

 


	[21] Ghasemi R, Menhaj MB, Abdi, B. Observer-Based State Tracking Adaptive Controller for a Class of Non-affine Nonlinear Systems: An Intelligent Approach systems. Advanced Materials Research. 2012; 488-489: 1798-1802.

