

  
    
            
        
      
      
        
          
        

        
          
            
          
        
        
          
            
              
                
              
            

            
              
                
                  Recently Searched
                

              

                
                  
                      
                      
                        
                      
                  

                
              
                No results found
              

            

          

          
            
              

                
              
            

            
              
                Tags
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

          
            
              
                
              
            

            
              
                Document
              

              
                
                  
                      
                  
                
              

              
                

              

              
                No results found
              

            

          

        

      

    

    
      
        
          
        
      
              

                        
  
  

                
            
            
        
        English
                        
          
            
            
              
                Home
                
                  
                
              
              
                Schools
                
                  
                
              
              
                Topics
                
                  
                
              
            

          

        


        
          Log in
        
        
        
        
        
          

  





  
    
      
      	
            
              
              
            
            Delete
          
	
            
              
              
            
          
	
            
              
                
              
              
            
          
	
          

        
	No results found


      
        
          
        
      
    

  







  
      
  
    
    	
                                    
              Home
            
            




	
                          
                
              
                        
              Other
            
            


      
                  Discrete-time slip control algorithms for a hybrid electric vehicle
      

      
        
          
            
              
                
              
            
            
            
              
                Share "Discrete-time slip control algorithms for a hybrid electric vehicle"

                
                  
                    
                  
                  
                    
                  
                  
                    
                  
                  
                    
                  
                

                
                  

                  
                    COPY
                  
                

              

            

          

          
            
              

                
              
            
          

        

      

    

    
      
        
          
            
              
            
                          
                N/A
              
                      


          
            
              
            
                          
                N/A
              
                      

        

        
                      
              
                
              
                               Protected
                          

                    
            
              
            
            
              Academic year: 
                2022
              
            

          

        

        
          
            
            
                
                    
                
                Info
                
                

            
            

            

                        
  

                
        Download
          
              

          
            
              
                
                Protected

              

              
                
                
                  Academic year: 2022
                

              

            

            
              
                
                  
                
                
                
                  
                    Share "Discrete-time slip control algorithms for a hybrid electric vehicle"

                    
                      
                        
                      
                      
                        
                      
                      
                        
                      
                      
                        
                      
                    

                    
                      

                      
                        
                      
                    

                    Copied!

                  

                

              

              
                
                  
                
              

            

            
              
                
                55
              

              
                
                0
              

              
                
                0
              

            

          

        

      

      
        
                              
            
            55
          

          
            
            0
          

          
            
            0
          

        

      

    

  



  
        
                    
  
    
    
      
        Loading....
        (view fulltext now)
      

      
        
      

      
      

    

  




  
      

                    Show more (   Page )
        
  


  
      

                    Download now ( 55 Page )
      



      
            
  
    Full text

    
      (1)
HYBRID ELECTRIC VEHICLE 


A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE 
 REQUIRMENTS FOR THE DEGREE OF 


Master of Technology 
 In 


CONTROL AND AUTOMATION
 By 


CHAUDHARI KHUSHAL KAWADUJI 
 ROLL NO: 211EE3148 



DEPARTMENT OF ELECTRICAL ENGINEERING  NATIONAL INSTITUTE OF TECHNOLOGY, ROURKELA 



2011-2013 



(2)
HYBRID ELECTRIC VEHICLE 


A THESIS SUBMITTED IN PARTIAL FULFILMENT OF THE 
 REQUIRMENTS FOR THE DEGREE OF 


Master of Technology 
 In 


CONTROL AND AUTOMATION
 By 


CHAUDHARI KHUSHAL KAWADUJI 
 Under the Guidance of 


PROF. BIDYADHAR SUBUDHI 



DEPARTMENT OF ELECTRICAL ENGINEERING  NATIONAL INSTITUTE OF TECHNOLOGY, ROURKELA 



2011-2013 



(3)Department of Electrical Engineering 
 National Institute of Technology, Rourkela 
 Odisha, India – 769 008 



CERTIFICATE


This  is to certify that the thesis titled  “Discrete-Time  Slip  Control Algorithms for a Hybrid 
 Electric  Vehicle”,  submitted to the  National  Institute  of  Technology,  Rourkela  by Chaudhari 
 Khushal Kawaduji, Roll No. 211EE3148 for the award of Master of Technology in Control 


& Automation, is a bona fide record of research work carried out by him under my supervision 
 and guidance.


The candidate has fulfilled all the prescribed requirements. 


The  Thesis  which  is  based  on  candidate’s  own  work,  has  not  submitted  elsewhere  for  a 
 degree/diploma. 


In my opinion, the thesis is of standard required for the award of a Master of Technology degree 
 in Control & Automation. 


To the best of my knowledge, he bears a good moral character and decent behavior. 


Place: Rourkela   Prof. Bidyadhar  Subudhi
Date:   



(4)
ACKNOWLEDGEMENT 


This  project  is  by  far  the  most  significant  accomplishment  in  my  life  and  it  would  be 
 impossible  without  people  who  supported  me  and  believed  in  me.  I  would  like  to  extend  my 
 gratitude and my sincere thanks to my honorable supervisor Prof. Bidyadhar Subudhi, Department 
 of Electrical Engineering. He is not only a great lecturer with deep vision but also most importantly a 
 kind person. I sincerely thank for his exemplary guidance and encouragement. His trust and support 
 inspired me in the most important moments of making right decisions and I am glad to work under 
 his supervision. 


I  am  very  much  thankful  to  Prof.  Anup  K.  Panda,  Head,  Department  of  Electrical 
 Engineering for  providing  a  solid  background  for  my  studies.  They  have  been  great  sources  of 
 inspiration to me and I thank them from the bottom of my heart. 


I am very much thankful to Prof. Dipti Patra, Prof. Subhojit  Ghosh, Prof. Sandip Ghosh, 
 Prof.  S.  Gupta,  Prof.  S.  Samanta and   Prof.  S.  Maity  for  providing  a  solid  background  for  my 
 studies.  


I am  thankful to all  my  friends and especially  my classmates  for all the thoughtful and  mind 
 stimulating discussions we had, which prompted us to think beyond the obvious. I’ve enjoyed their 
 companionship so much during my stay at NIT, Rourkela.  


 Last  I  would  like  to thank  my  parents,  who  taught  me  the  value  of  hard  work  by  their  own 
 example.  They  rendered  me  enormous  support  being  apart  during  the  whole  journey  of  my  life  in 
 NIT Rourkela. 


          CHAUDHARI KHUSHAL K. 



(5)i


ABSTRACT………. iii  


LIST OF TABLES………... iv 


LIST OF FIGURES………..v 


ACRONYMS ……….. vii 


CHAPTER 1:   Introduction……….. 1 


1.1  HEV introduction………. 2 


1.2  Literature survey on slip ratio control of HEV………. 3 


1.3   Thesis objective………. 4 


1.4  Contribution of thesis………4 


1.5  Continuous time model of HEV……….. 4 


1.6  Discrete time model of HEV……… 7 


1.7  Actuator Dynamic……….7 


1.8  Problem Formulation for slip ratio control……….9 


1.9  Organization of thesis………..10 


1.10  Chapter summary………11 


CHAPTER 2:   Development of SMC and FSMC for SRC of HEV…...12 


2.1   Design of discrete time SMC……...………13 


2.2  Estimation of uncertainty in HEV model using fuzzy logic………….14  


2.3  Simulation results………... 16 


2.4  Chapter summary………... 19 


CHAPTER 3:   Design of SMO and Adaptive SMC………..  20 


3.1  Discrete time SMO……….. 21 


3.1.1  Design of Discrete time SMO………. 21 


   3.1.2  Simulation results………...23 



(6)ii


3.2.1  Design of Discrete time ASMC………...25 


3.2.2  Simulation results………28  


3.3  Chapter summary………30 


CHAPTER 4:   Design of FLC and PID using Fuzzy logic……….31 


4.1  FLC………...32 


4.1.1  Design of Discrete time FLC………...32 


4.1.2  Design of Discrete time PID using fuzzy logic………...34 


4.3  Simulation results………35 


4.3.1  Performance of SMC, FLC and PID using FL……….35 


4.3.2  Performance of ASMC, FLC and PID using FL………..38  


4.4  Chapter summary………....40 


CHAPTER 5:   Conclusions and Suggestion for future work………41 


5.1  Conclusions………..42 


5.2  Suggestion for future work……...……….42 


         REFERENCES………..43 



(7)iii


This thesis develops a discrete-time  sliding  mode control scheme  for a slip control of  a 
 hybrid  electric  vehicle.  In  order  to  handle  different  road  conditions,  fuzzy  logic  technique  is 
 employed to develop control of slip ratio. A discrete-time Sliding mode observer is also designed 
 to  estimate  the  vehicle  velocity  online.  Furthermore,  in  order  to  cope  up  with  changing  slip 
 dynamic  for  varying  road  conditions  an  Adaptive  sliding  mode  control  has  been  designed  by 
 employing  Lyapunov  theory.  The  performances  of  developed  adaptive  sliding  mode  control, 
 Sliding  mode  control  and  Fuzzy  logic  control  for  slip  ratio  are  compared  through  extensive 
 Matlab simulation and it is observed that the discrete time Fuzzy adaptive sliding mode control 
 perform effectively. 


Keywords- discrete time sliding mode control, observer, adaptive sliding mode control, slip ratio, 
fuzzy sliding mode control, fuzzy PID 



(8)iv


Table 2.1: Rule base for computing α ………...15 


Table 2.2:Vehicle and Actuator parameter ………..16 


Table 2.3: Tabular Comparison for SMC and FSMC………19 


Table 4.1: Rule base for computing control action………33 


Table 4.2: Rule base for computing Kp,Ki, K ……….. 34d
Table 4.3: Tabular Comparison for SMC, FLC and PID using FL………...37



(9)v


Figure 1.1:  Single wheel model………. 5 


Figure 1.2:  Actuator Diagram………...8 


Figure 2.1: Fuzzy Sliding mode control structure……….14 


Figure 2.2: Fuzzy inference block……….15 


Figure 2.3: Slip (SMC & FSMC)………..16 


Figure 2.4: Sliding Variable (SMC & FSMC)………..17 


Figure 2.5: Vehicle speed (SMC & FSMC)………..17 


Figure 2.6: Wheel speed (SMC & FSMC)………17 


Figure 2.7: Torque (SMC & FSMC)……….18 


Figure 2.8: Voltage (SMC & FSMC)………18 


Figure 2.9: Uncertainty Estimation Error (FSMC)………....19 


Figure 3.1: SMO Structure ………22 


Figure 3.2: Slip (SMC & SMO)……….23 


Figure 3.3: Uncertainty Estimation Error (SMC & SMO)………23 


Figure 3.4: Vehicle speed (SMC & SMO)……….24 


Figure 3.5: Velocity Estimation Error (SMC & SMO)………..24 


Figure 3.6: Torque (SMC & SMO)………24 


Figure 3.7: Voltage (SMC & SMO)………..25 


Figure 3.8: FASMC Structure ………...27 



(10)vi


Figure 3.10: Torque (ASMC)………28 


Figure 3.11: Sliding Variable (ASMC)………..29 


Figure 3.12: Speed (ASMC)………..29 


Figure 3.13: Voltage (ASMC)………...29 


Figure 4.1: Fuzzy Inference Block………32 


Figure 4.2: Fuzzy PID Inference Block………34 


Figure 4.3: Slip (SMC, FLC & PID using FL)……….35 


Figure 4.4: Torque (SMC, FLC & PID using FL)………36 


Figure 4.5: Vehicle speed (SMC, FLC & PID using FL)………36 


Figure 4.6: Wheel speed (SMC, FLC & PID using FL)………36 


Figure 4.7:  Voltage (SMC, FLC & PID using FL)………..37 


Figure 4.8: Slip (ASMC, FLC & PID using FL)………..38 


Figure 4.9: Torque (ASMC, FLC & PID using FL)……….38 


Figure 4.10: Vehicle Speed (ASMC, FLC & PID using FL)………39 


Figure 4.11: Wheel Speed (ASMC, FLC & PID using FL)………..39 


Figure 4.12:  Voltage (SMC, FLC & PID using FL)………39 



(11)vii


HEV    Hybrid Electric Vehicle 


FLC  Fuzzy Logic Control 


SMC    Sliding Mode Control 


SMO    Sliding Mode Observer 


ASMC   Adaptive Sliding Mode Control 
 FSMC    Fuzzy Sliding Mode Control 


FASMC  Fuzzy Adaptive Sliding Mode Control 


SRC    Slip Ratio Control 



(12)
CHAPTER 1 


     



Introduction 



(13)DISCRETE-TIME SLIP CONTROL ALGORITHMS FOR A HYBRID ELECTRIC VEHICLE  2 
 1.1  HEV introduction 


The internal combustion (IC) engine has been the most prominent propulsion system used 
 for transportation throughout the last century. The depletion and the increase in the cost of fossil 
 fuel resources and the rise in emissions have resulted in a need for  more robust and sustainable 
 transportation methods. It causes a significant interest in hybrid electric vehicle (HEV) globally 
 due to the environmental concerns and solution for an increase in the price of oils.  As modern 
 society continues to increase in the use of vehicles, so does the need for an increasing number of 
 vehicles  for transportation. Trends predict that the  fossil  fuels  located under the earth’s surface 
 are at risk of being entirely consumed in the near future. Hybrid electric vehicles (HEVs) offer 
 superior fuel economy and are a logical step in the direction towards zero emissions vehicles.  


A HEV uses  both an electric  motor with a  battery and a  combustion engine with a  fuel 
 tank  for propulsion;  hence  it  called as  a  hybrid  between electric  and  conventional  vehicle.  Not 
 fully electric vehicles, HEVs are a bridging technology for a developed and transitional countries 
 and  markets.  Their  increasing  share  in  the  global  fleet  is  a  move  toward  greater  eventual  fleet 
 electrification  through  the  use  of  plug-in  hybrid  (PHEVs)  and  pure  electric  vehicles  (EVs)  as 
 HEVs require no  infrastructure changes. This is why  HEVs are of particular interest now, even 
 as  countries  struggle  with  fuel  quality,  the  sustainable  use  and  production  of  biofuels  and  the 
 adoption  of  a  clean  diesel  technology.  HEV  technology  is  more  expensive  than  conventional 
 vehicles, is self-assured for entry into new markets. This will provide a number of opportunities 
 and advantages provided that the right policies and complementary standards including fuel good 
 quality  standards  are  in  place,  industry  groups,  consumers,  and  vehicle  maintenance  providers 
 are sufficiently informed and have right expectations of HEV technology.  


The  focus of nowadays research towards hybrid electric vehicles has been on increasing 
 energy  efficiency  and  reducing  emissions.  From  the  viewpoint  of  electric  and  control 
 engineering,  Electric  and  Hybrid  electric  vehicles  (HEVs)  have  more  advantages  over 
 conventional  internal  combustion  engine  vehicles  (ICVs)[1].  Moreover,  HEVs  use  multiple 
 sources  of  power  for  propulsion  because  motor  and  TCS  (traction  control  system)  should  be 
 integrated into “Hybrid Traction Control System (HTCS)”, since a motor can both accelerate or 
 decelerate  the  wheel  and  also  it  is  easier  to  achieve  advanced  driving  performance  by  using 
 control  features  such as antilock  braking  systems (ABSs) and traction control  systems [2],[17]. 


Its performance should  be  advanced,  if we can  utilize the  fast torque response of  motor. There 
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 exists  little  uncertainty  in  driving  or  braking  torque  produced  by  motor,  compared  to  that  of 
 combustion engine and hydraulic brake. The use of electric motors in HEV propulsion makes it 
 possible  to  eliminate  the  expensive  ABS  associated  with  conventional  hydraulic  brakes.  In 
 addition to the primary function of propulsion, the electric motor can also be used effectively as 
 the  braking  device  because  of  its  fast  torque  response  characteristics  and  capability  of 
 regeneration[18].  The  fast  torque  response  provides  the  opportunity  to  improve  the  vehicle 
 antilock  performance  through  the  control  of  motor  torque,  without  conventional  ABS.  Torque 
 generation is very quick and accurate, for accelerating and decelerating. 


The problem during braking on slippery roads is that the wheels of the vehicle may lock 
 that  is  wheel  speed  approaches  to  zero  and  vehicle  may  lose  control  on  road.  So  it  creates  the 
 chances  of  accident.  The  objective  of  ABSs  is  to  maximize  wheel  traction  by  preventing  the 
 wheels  from  locking  during  braking  while  maintaining  adequate  vehicle  stability  and  steer 
 ability.  Control  of  a  braking  system  and  traction  of  a  vehicle  are  difficult  due  to the  nonlinear 
 characteristics  and  unknown  time-varying  parameters  associated  with  vehicle  and  wheel 
 dynamics. 


1.2   Literature survey on slip ratio control of HEV 


The last ten decades have witnessed the development of several control approach for slip 
 control of a HEV. The slip ratio control is a challenging control problem, because HEV is having 
 uncertainty  problem  with  nonlinearity  problem  in  dynamic  of  HEV.  The  literature  [2],  [5]  and 
 [11] describe the mathematical model of HEV.  Past work related to slip control problem of HEV 
 gives a  number  of  control  techniques.  Literature  [5]  describes  sliding  mode  control  for 
 controlling slip of a HEV. This literature also describes the design of observer for vehicle speed. 


Iterative  learning  control  algorithms  have  been  developed  in  literature  [2]  for  slip  control  of  a 
HEV.  This  paper  also  gives  the  design  of  observer  for  vehicle  speed.  In  the  literature  [11], 
detailed  designs  of  controller  are  given  which  solve  at  most  all  problems  of  uncertainty  and 
nonlinearity  in  HEV  dynamic.  Sliding  mode  control  is  designed  for  slippery  roads,  adaptive 
SMC and non-model based neural network control are designed for road change or slip change 
of a HEV. Also it gives simple observer design for vehicle speed as it is not present online. Also 
number  of  control  approach  such  as  fuzzy  logic  control  [3],  neural  network  [4]  have  been 
reported for slip ratio control of a HEV and conventional vehicles. Advanced control algorithms, 
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 such as fuzzy logic control [6], neural network [7], hybrid control [8], adaptive control [9], and 
 other intelligent control [19], [20] have been developed to achieve antilock braking performance 
 for conventional vehicles. 


Reviews  of  all  these  paper  gives  motivation  as  controller  algorithms  developed  is  in 
 continuous  time  and  designed  controller  is  unable  to  solve  the  problem  of  chattering  i.e.  high 
 frequency oscillation  present torque, slip ratio, voltage which will damage braking system (DC 
 motor).  Also recent  advances  in  digital  computing  develop  as  dSPACE  and  DSP  motivate 
 control design in discrete time domain. Although SMC and observer have been designed for slip 
 ratio control of HEV but for real time implementation discrete time controller are needed. Hence 
 unlike [2], [5], [11], present work is  focused on develop of discrete time SMC, adaptive  SMC, 
 FLC and PID using fuzzy logic for slip control of HEV.  


1.3   Thesis objective 


  To develop a control algorithms that enable achieving desired slip ratio such that wheel   
 lock is prevented.  


  The  controller  must  be  adaptively  handle  uncertainty  in  the  nonlinear  and  time  varying 
 vehicle and wheel dynamics. 


1.4  Contribution of thesis 


  Provide discrete time modeling for Slip ratio of HEV. 


  Design of discrete time FSMC. 


  Design of observer for vehicle speed estimation. 


  Design of ASMC for adaptation of nonlinear tire road dynamic. 


1.5  Continuous time model of HEV 


The dynamics of vehicle is given by [11] so that angular motion and linear motion of 
 wheel is as follows (fig.1) 



   


w w m w w


I   r   mg f


       (1.1) 



 
 2

w v


mvn   mgc v


      (1.2) 


where   
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 Iw-  Moment of inertia of wheel 


      rw-  Radius of wheel 
       m-  Mass of vehicle 


       g -  Acceleration due to gravity 
        nw -  Number of wheel 


      fw- Viscous wheel friction force 
         - Adhesive coefficient 


       m - Braking torque 


       w- Wheel angular velocity 
        v- Vehicle angular velocity 
        v - Linear velocity of vehicle 
        cv- Aero-dynamic drag coefficient 


   


m


Fig 1.1:  Single wheel model 
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 Slip ratio is defined as [10] 
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(1.3) 


The linear velocity and angular velocity is related as 


w v
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    (1.4) 
 Using  equations  (1.1),  (1.2)  and  (1.4),  dynamics  of  a  hybrid  electric  vehicle  can  be 
 represented as   
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Equation (1.5) and (1.6) can be rewritten as
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1.6  Discrete time model of HEV 


Discretized form of equation (1.7) and (1.8) can be written as discrete-time model of 
 HEV 



   



     


1 1


1 1 1


1 ( )


x k x k


f x k d k


T


 


   


      


(1.14)      



   



     


2 2


2 2 2 3


1 ( ) m( )


x k x k


f x k d k d k


T 


 


          (1.15)  


where T  is sampling time. 


1.7    Actuator Dynamic 


The  actuation  system  of  HEV  given  in  [11]  consists  of  a  dc  motor.  It  is  controlled  by 
 impressing  a  variable  armature  voltage,  keeping  the  field  current  constant.  During  the  traction, 
 the  torque  is  considered  to  be  positive,  and  during  braking,  the  torque  is  negative.  Applying 
 Kirchhoff’s voltage law to the armature circuit of the motor shown in fig 1.2, we get 


a a b


Li Ri e e (1.16) 


b b w


e K  (1.17) 


where 



e
   -  Applied voltage to the armature circuit 
 ,

R L- Resistors and Inductors of the armature circuit 



i
a   -  Armature current 
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m


Fig 1.2:  Actuator Diagram 



i
f  -  Field current 


e
b   -  Back electromotive force (EMF) 
 Kb  -  Back EMF constant 


e
f   -  Field voltage 
 Lf    -   Field inductance 

The torque developed by the motor is given by 


m 
K i
m a


 
 (1.18) 

 where Kmis the motor torque constant.  Substituting (1.17) and (1.18) in (1.16), we have 


m m b w


m m
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    (1.19) 
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 In discrete domain the above equation can be written as 
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1.8  Problem Formulation for slip ratio control 
 From equation (1.3), we obtain 
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Deceleration:  


For deceleration, x  > 1 x  and hence2
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Equation (1.22) can be rewritten as  
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From equation (1.22) and (1.23), solving for  
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 Acceleration: 


For acceleration, x2 > x1 therefore,  
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 Equation (1.29) can be rewritten as 
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      (1.34) 
 Our  main  concern  is  for  achieving  effective  braking,  thus  it  is  required  to  find  control 
 input 
u
 by using equation (1.24) as b
is an unknown constant gain which is related with Iw. Let 


b ˆ
  be the estimated value of b
. 
 characteristics of surface vehicle is given in ref. [12] by 
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(1.35) 
 where pis optimal adhesive coefficient and p is optimal slip. 


Now our objective is to find the control input
u
 such that desired slip is being tracked by 
 the HEV in presence of nonlinearity in  f 
,x
 due to adhesive coefficient and slip relation. 

1.9   Organization of Thesis 


This thesis is divided into five chapters.  


Chapter 1 discusses briefly about introduction of HEV and literature survey on Slip ratio 
of HEV. Also it gives continuous and discrete time modeling for slip ratio of HEV.  
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 Chapter 2 discusses briefly about the actuator dynamic i.e. DC motor modeling, problem 
 formulation for slip ratio control, design of  discrete time sliding mode control and estimation of 
 uncertainty due to changing parameter of HEV model by using Fuzzy logic.  


Chapter 3 discusses briefly about design of observer for vehicle speed and also design of 
 Adaptive sliding mode control for road change condition.  


Chapter  4  discusses  briefly  about  design  of  discrete time  fuzzy  logic  control  and  fuzzy 
 logic PID control for faster response.  


Chapter  5  provide  brief  conclusion  of  slip  ratio  control  problem  and  suggestion  for  the 
 future work. 


1.10  Chapter summary 


This chapter describes briefly about introduction about HEV i.e. why HEV is a subject of 
recent  research.  Also  brief  literature  review  on  slip  control  problem  of  a  HEV  is  described.  It 
also  gives  thesis  objective,  contribution  of  thesis,  continuous  time,  discrete  time  modeling  and 
problem formulation for slip ratio control for HEV.  
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 2.1   Design of discrete time SMC 


In this section, the design of a discrete-time sliding mode controller for slip ratio control 
 of a HEV is presented.  


Choose a sliding surface as   



 
 e 


s k   k


      (2.1) 
 where 



     


e k k d k


    


  (2.2) 
 A reaching law for this problem in order the state should lie on sliding surface within 
 band and should not leave sliding can be designed referring to [13] 




 1 
1   
 sgn   


s k  qT s k  T s k


           (2.3) 


where    is the reaching rate and q   is the approximation rateand  >0, q >0,

1qT
>0. 

To maintain state on the sliding surface 



 1  0



s k  


    (2.4) 
 and s k
 
0. Substituting equations (1.24), (2.1) and (2.2) in equation (2.3), we get the control 
 input as 


 
 1  
 1  
 1    


1 
ˆ , sgn



u k   b f 
  x  b qs k 
  b 
 s k


           (2.5) 
 Referring to [14] new control input is designed as 



 



 



   



 


1
 1
 0


1


u k
 u k


u k u k


u k





 


       



   



   


1 0


1 0



, , if u k u k if u k u k








       
 (2.6) 


u
0  can be calculated from the condition that  s k
 1
  s k 
. Thus 
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1 1 1


0



ˆ , 1 qT sgn



u k b f x b s k b s k



T


  

 


        


      
 (2.7)


     


2 1


1



x x x



 



x
2


x
1


u


Fig 2.1:  Fuzzy Sliding mode control structure 


2.2  Estimation of uncertainty in HEV model using fuzzy logic  
 Define uncertainty estimation error as follows 


( ) ( ) ˆ( )
 f k  f k  f k



      
(2.8)       


Dynamic equation for f k( ) can be constructed given in ref [15] as       
          f kˆ( 1)  f kˆ( ) f kˆ( ) f kˆ( 1)  f k( ) f k( )  f k( 1)


       
 (2.9) 
 where   1.


We  consider  two  inputs  and  one  output fuzzy  sets  for  computing α  and  membership 
function is considered as triangular. 
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 Fig 2.2:Fuzzy inference block


Linguistic  labels  for  input  and  output  variables  are  chosen  as  PB-  Positive  Big,  PM- 
 Positive Medium, PS- Positive Small, Z- Zero, NB- Negative Big, NM- Negative Medium, and 
 NS- Negative Small (Fig. 2.2). 


      Table 1:Rule base for computing α


Rule i: If    f k( ) is NB and   f k( ) is PB then  is Z.  


Where i = 1, 2, 3, ….n and n is number of rules and list of rules is given in table 3. 


NB  NM  NS  Z  PS  PM  PB 


  PB  Z  NS  NS  NM  NM  NB  NB 


  PM  PS  Z  NS  NS  NM  NM  NB 


  PS  PS  PS  Z  NS  NS  NM  NM 


   Z  PM  PS  PS  Z  NS  NS  NS 


  NS  PM  PM  PS  PS  Z  NS  NS 


  NM  PB  PM  PM  PS  PS  Z  NS 


  NB  PB  PB  PM  PM  PS  PS  Z 


f k( )


f k( )
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 2.3  Simulation results 


       Table 2: Vehicle and Actuator parameter 


Parameter  Value  Parameter  Value 


Iw 0.65 km m2 p -0.17 


rw 0.31m cv 0.595N/m2/s2


m 1400 kg T 0.001 s


g 9.8 m/s2 Km 0.2073m kg/h


nw 4 Kb 2.2 V / rad /s


fw 3500N R 0.125


p -0.8  L 0.0028H


Values of parameter used in simulation are shown in table 2. For simulation, the initial 
 value of vehicle velocity is 90 km / h, wheel velocity is 88 km / h , xˆ1  is 89.2 km /h.


Fig 2.3: Slip (SMC & FSMC) 


Section  2.3  shows  result  of  discrete-time  sliding  mode  control  and  fuzzy  sliding  mode 
 control for desired value of slip ratio d is -0.6, q is 300,  is 0.05. Fig 2.3 shows that desired 
 value of slip ratio is tracked and settling time is also very less i.e.  0.12 sec. Fig 2.4 shows that 
 sliding  variable converges to zero that means  states remains on the desired  sliding  surface.  Fig 
 2.5  and  2.6  show  about the  vehicle  speed  and  wheel  speed  and  which  are  decreasing  which  is 
 required in deceleration to maintain slip ratio at desired value. Fig 2.7 shows braking torque 
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 Fig 2.4: Sliding Variable (SMC & FSMC) 


Fig 2.5: Vehicle speed (SMC & FSMC) 


Fig 2.6: Wheel Speed (SMC & FSMC)


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
 0


0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7


Time(sec)


Sliding variable


SMC
 FSMC


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
 87


87.5
 88
 88.5
 89
 89.5
 90


Time(sec)


Vehicle Speed(Km/hr)


SMC
 FSMC


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
 30


40
 50
 60
 70
 80
 90


Time(sec)


Wheel Speed(Km/hr)


SMC
FSMC



(29)DISCRETE-TIME SLIP CONTROL ALGORITHMS FOR A HYBRID ELECTRIC VEHICLE  18 
 Fig 2.7: Torque (SMC & FSMC) 


Fig 2.8: Voltage (SMC & FSMC) 


is  without  chattering  and  fig  2.8  shows  what  voltage  require  to  provide  torque  from  actuator. 


Uncertainty  estimation  shows  in  fig  2.9  which  goes  to  zero  because  of  FSMC.  Hence,  it  is 
 proved that FSMC will take of  the problem of uncertainty and response of SMC  and FSMC  is 
 also exactly similar. In all, there is no chattering.  So discrete-time fuzzy sliding mode controller 
 working well for slip tracking problem for HEV. Tabular comparison is provided in table 3.


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
 200


400
 600
 800
 1000
 1200
 1400
 1600
 1800


Time(sec)


Torque(Nm/rad)


SMC
 FSMC


0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
 100


150
 200
 250
 300
 350


Time(sec)


voltage(volts)


SMC
FSMC



(30)DISCRETE-TIME SLIP CONTROL ALGORITHMS FOR A HYBRID ELECTRIC VEHICLE  19 
 Fig 2.9: Uncertainty Estimation Error (FSMC) 


Table 3:  Tabular Comparison for SMC and FSMC 


2.6  Chapter summary 


In  this  chapter,  Conventional  SMC  and  FSMC  are  designed  and  respective  simulation 
 results is also explained briefly and comparison of both controllers is provided. 
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 3.1  Discrete time SMO 


In  HEV,  basically  wheel  speed  is  measured  with  help  of  speedometer.  But  there  is  no 
 provision for  measuring vehicle speed means it is difficult to measure vehicle  speed online and 
 to calculate slip ratio, it is necessary to measure vehicle speed. So observer is needed to estimate 
 vehicle speed online. Next section describes the design of observer.   


3.1.1  Design of Discrete time SMO 


Here, design of a discrete time sliding mode observer for estimating vehicle velocity is 
 presented and its structure is provided in Fig 3.1. So observer dynamic is chosen in following 
 form 


2
 1


1 1 1


ˆ ( 1) ˆ ( ) Tc r xv wˆ vsgn( )


x k x k TK y d T


   m    


      
 (3.1) 


where 
x ˆ
1 is estimated vehicle velocity,  y   x
2  x ˆ
1 is measurement error and K
vis observer 
 gain. Now estimation error x1is defined as 

1( ) 1( ) ˆ1( )
 x k x k x k


           (3.2) 


Equation (3.2) can be rewritten as 


1( 1) 1( 1) ˆ1( 1)


x k   x k x k


           (3.3) 


Substituting    x k1

 1
      and  x kˆ (1 1)  from  equation  (1.14)  and  (3.1)  in  (3.3)  and 
 solving for x k1( 1) we get 

2
 1


1( 1) 1( ) Tc r xv w vsgn( )


x k x k TK y


   m 


  


          


(3.4) 
 where  


2 2 2


1 1 ˆ1


x x x


        (3.5)
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 The  sliding  mode  observer  dynamic  given  in  equation  (3.1)  is  asymptotically  stable  if 
 observer gain should be chosen as 


2
 1
 v w
 v


c r x
 K  m


           


(3.6) 


To prove it, we choose the Lyapunov candidate function as 


2
 1


1
 V  2 x


    
 (3.7)


       
 and



 


1 1 1


( 1) ( ) ( ) ( 1) ( ) 0


V V k V k x k x k x k


         


    
 (3.8) 
 Substituting equation (3.1) and (3.3) in (3.8), we get  


2
 1


1( ) c r xv w vsgn( ) 0


Tx k K y


m


 


  


 


 


  


           


(3.9) 


The vehicle velocity and wheel velocity are assumed to be a positive, so finally we get 
 the condition as 


2
 1
 v w
 v


c r x
 K  m


      
 (3.10)


   


2 1


1


x x


x


  


x2



ˆ
1


x



u



x
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e








d

Fig 3.1: SMO structure 
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 3.1.2  Simulation results  


Fig 3.2: Slip (SMC & SMO)


Fig 3.3: Uncertainty Estimation Error (SMC & SMO) 


Section 3.1.2 shows result of discrete-time fuzzy sliding mode control and fuzzy sliding 
 mode control with observe for desired value of slip ratio d is -0.6, q is 300,  is 0.05. Sliding 
 mode observer is to estimate the value of vehicle speed as it not available online. Fig. 3.2 shows 
 that  desired  slip  ratio  is  tracked  and  settling  time  is  also  very  i.e.  0.12  sec.  Fig.  3.3  shows 
 estimation  error  for  FSMC  and  FMSO  with  observer.  Fig  3.4  shows  estimated  vehicle  speed 
 (FSMO)  closely  mate  to  vehicle  speed  and  velocity  estimation  error  shown  in  fig  3.5  nearly 
 equals to zero. Fig 3.6 shows break torque and fig 3.7  shows voltage excitation  needed  for the 
 actuator. 
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 Fig 3.4: Vehicle Speed (SMC & SMO) 


Fig 3.5: Velocity Estimation Error (SMO) 


Fig 3.6: Torque (SMC & SMO) 
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 Fig 3.7: Voltage (SMC & SMO) 


3.2   Discrete time ASMC 


HEV  system  is  full  of  nonlinearity  and  uncertainty.  Due  to this,  tire  road  dynamic  will 
 change  and  also,  desired  value  of  slip  ratio  may  change.  Only  SMC  is  unable  to  solve  this 
 problem. So, adaptation is necessary. Next section describes the design of adaptive SMC based 
 on Lypunov stability theory.  


3.2.1  Design of Discrete time ASMC 
 Equation (2.9) can also be written as 



   



 


1 a , ( , )


k k


f x h x bu


T 


   


    


  
 (3.11) 


where 


2 2 1 1


1


( ) (1 ) ( )
 ( , )


a


f x f x


f x


x


  


 


      


(3.12) 


2 1


2 2


1


2[ (1 ) ]


( , ) 1 p


p


d d


h x
 x


    


 


  


  
 (3.13) 


  p


      (3.14) 


Design of sliding surface is same as the given in the section IV. 
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 Choosing Lyapunov candidate function as 


2 2


1 1( ˆ)


2 2


V  s   


           


(3.15) 
 So, 



 
 ˆ ˆ

( 1) ( ) ( ) ( 1) ( ) [ ( 1) ( )] 0


V V k V k s k s k s k   k  k


           


  (3.16) 
 where 


 ˆ


     (3.17) 


Substituting equation (3.11) in (3.16) leads to 


 



 
 

1 ˆ ˆ ˆ


( ) a a d (1 ) ( ) sgn( ( )) [ ( 1) ( )]


V s k T f h bb f h qT s k b T s k    k  k


            


 


 


     (3.18)       


Now, rearranging different terms of (3.18), we get


  


1 1 1 1


ˆ ˆ ˆ


( ) a a d (1 ) ( ) sgn( ( )) [ ( 1) ( )]


V s k T f h bb f bbh bb bb qT s k b T s k    k  k


            


 


 


      (3.19) 


Equation (3.19) can be rewritten as


 1  1 ˆ 1 ˆ 1


( ) ( a a (1 ) a (1 ) d (1 ) ( )


V s k T f f bb f bb h bb h h bb qT s k


                


 ˆ ˆ


sgn( ( ))) [ ( 1) ( )]


b T s k   k  k


   


      


(3.20) 
 We consider following assumptions for bounds in function  fa   and h.


a ˆa a


f  f F 
  
and   
 hhˆ H

Using above assumption in equation (3.20) leads to 


1 1 1 1


ˆ ˆ ˆˆ ˆ ˆˆ


( ) ( a a (1 ) a (1 ) d (1 ) ( )


V s k T f f bb f bb h bb h H h bb qT s k


                 


 ˆ ˆ    


sgn( ( ))) [ ( 1) ( )] 0
 b T s k   k  k


     
      
(3.21)
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 Now, rearranging different terms, we get 


1 1 1 1


ˆ ˆ ˆˆ


( ) ( a a (1 ) a (1 ) d (1 ) ( )


V s k T f f bb f bb h bb H bb qT s k


               


        


 ˆ ˆ ˆ


sgn( ( ))) [ ( 1) ( )] ( ) 0


b T s k   k  k s k T h


     


       
 (3.22)
 For asymptotically stable system 


0
 V


     and hence 


1 1 1 1


ˆ ˆ ˆˆ


( ) a a (1 ) a (1 ) d (1 ) ( ) sgn( ( )) 0


s k T f  f  bb f  bb h bb  H bb  qT s k b T s k 


 


 


    (3.23)


  and       


[ (ˆ k 1) ˆ( )]k s k T h( ) ˆ 0


   


           (3.24) 


From equation (3.23), we get  



 


1 1 1 1 1


ˆ (1 )ˆ (1 )ˆˆ (1 ) ( ) sgn( ( ))


a a a d


f f bb f bb h bb H bb qT s k bT s k


                 


 


 


    (3.25) 


Also from equation (3.25), one obtains 
 ˆ


ˆ(k 1) ˆ( )k s k Th( )


   


       
 (3.26 
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Fig 3.8: FASMC Structure 
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   The value of can be calculated from equation (3.25) and estimated value of optimal 
 adhesive coefficient can be calculated from equation (3.26). Structure for FASMC is provided in 
 Fig 3.8. 


3.2.2  Simulation results  


Section  3.3.2  shows  result  of  discrete-time  adaptive  sliding  mode  control.  Here  desired 
 slip d is  changing  from  -0.8  to  -0.4  and  fig  3.9  shows  that  slip  is  adapting  according  to  the 
 desired value of slip and also from fig 3.11, sliding variable converges to zero that means states 
 remains on the desired sliding surface. Fig 3.12  shows vehicle  speed and wheel speed both are 
 decreasing in order to track desired slip ratio. 


Fig 3.9: Slip (ASMC)


Fig 3.10: Torque (ASMC) 
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 Fig 3.11: Sliding Variable (ASMC) 


Fig 3.12: Speed (ASMC) 


Fig 3.13: Voltage (ASMC) 
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 Figure  3.10  shows  braking  torque  and  fig  3.13  shows  what  voltage  required  to  provide 
 torque from actuator. Also braking torque is also adapted according to desired value of slip and it 
 is without chattering. In all, tracking is without chattering. 


3.3  Chapter summary 


This chapter described the design of observer for vehicle speed and its simulation results 
 are  compared  with  conventional  SMC.  Also,  to  solve  the  problem  of  uncertainty  in  tire  road 
 dynamic,  adaptive  SMC  is  designed  and  its  working  performance  is  proved  through  Matlab 
 simulation.  
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