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Abstract

:

The full-information state feedback controller is usually used for regulating the output voltage of converters. Sufficient sensors should be adopted to measure all of the states. However, the extensive use of current sensors not only increases the cost of the overall system, but also affects the reliability. In this paper, the sensorless control problem of DC–DC boost converters is addressed to avoid the need for the current sensor. First, a PI passivity-based control (PI-PBC) is proposed to stabilize this converter. The main feature of this design is that the exponential convergence of the system is guaranteed. Afterward, a generalized parameter estimation-based observer (GPEBO) is presented to estimate the inductor current with the finite-time convergence (FTC). By adding this estimate in the above PI-PBC, a sensorless controller is developed. Thanks to this FTC, the exponential convergence of an overall closed-loop system is ensured. Finally, the simulation and experimental results are given to assess the performance of the proposed controller.
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1. Introduction


DC–DC boost converters are widely used in new energy systems, which can increase the voltage between the source and load ports [1,2,3,4]. To show the advantage of this, four main application cases are clearly introduced, which are shown in Figure 1. First, the boost converter can be adopted in battery-powered devices [5], which is revealed in Figure 1a. It is known that the output voltage of a high-energy battery varies greatly under the conditions of high current charge and discharge. In particular, when the power of the battery is low, its output voltage will be very low. However, some battery-powered devices require a relatively constant voltage in the above cases. At this point, the boost converter can be placed between the battery and the electrical equipment. In that case, the voltage of the battery can be increased to the desired value required by the devices and maintained around this voltage. A practical example is an air conditioning device in a marine auxiliary system, where the power supply of the air conditioning compressor and ventilator should be from the storage battery in the case of the failure of the external power supply. It is noted that the variation range of the battery voltage is very wide. In this case, the ideal solution for the power supply is to implement a boost converter to raise the battery voltage to 510 V. Then, the inverter and AC motor are employed to drive the air conditioning compressor and ventilator.



The control system of the traditional inner feedback wound induction motor contains a diode rectifier, thyristor current type inverter and a large direct current reactor. This will result in a low power factor and high harmonics. If the boost converter is added to the output port of the rectifier and the turn-off device is use to constitute the inverter, the DC reactor can be eliminated to reduce harmonics and improve the power factor of the inverter power supply [6,7]. The whole system circuit is simple and the technology is mature, which is shown in Figure 1b. The overall cost is much lower than that of the medium voltage frequency conversion of the stator and the total energy consumption is also less than that of the direct frequency conversion.



The boost converter also plays an important role in wind generator systems [8]. In order to better control the three-phase current of the generator, its three-phase windings can be separated to connect the boost converter, which is shown in Figure 1c. The output sides of three boost converters are connected in parallel. In this situation, the control problem of the generator does not need to consider the synchronization problem with the power grid. The output current and the speed of the generator can be regulated by controlling the boost converters. Further, it is easy to achieve the peak power tracking of the power generation system and obtain the maximum output power under a certain wind speed. This scheme is more efficient than others, and causes an increase in total annual power generation.



The use of boost in the energy harvest of solar cells is presented in Figure 1d. For this system, each solar cell module connects to a boost converter to increase the voltage, which is conducive to the balanced output of each battery module [9,10,11]. Moreover, when adding the maximum power search control, each group of modules can run at the best current operating point. As long as each output voltage is set at the same value, all the outputs can be connected together with the storage pool or inverter.



Based on the above statement, it should be pointed out that the boost converter has a great effect on the power system. Therefore, its control performance directly affects the stability and reliability of the overall system. Not surprisingly, many methods have been proposed to stabilize boost converters, such as sliding mode control [12], boundary control [13], robust control [14], passivity-based control [15], H∞ control [16] and backstepping control [17]. It is noted that the abovementioned results focus on the full-information feedback control scheme. That is, it should be supposed that all of the states can be measured. However, the current sensors and their processing circuits cause extra hardware costs, delays and noise in the system. They can also harm the reliability of the power system. Therefore, current sensorless control techniques can provide cost-effective and reliable solutions for various boost converter applications.



In References [18,19], based on the immersion and invariance (I&I) technique, a sensorless controller, which combines a nonlinear controller and state observer, is developed to stabilize boost converters. It is noted that the exponential stability of a closed-loop system is ensured. It is reported in [20,21,22,23,24] that the well-known Luenberger observer is designed to reconstruct the current under continuous conduction mode (CCM) or discontinuous conduction mode (DCM). By combining this with some advanced controllers, sensorless controllers are derived. A discrete current observer proposed in [25] is used to estimate the states of the converters. A unified current observer devised in [26] is proposed for six kinds of converters. By incorporating the progressive control method, the sensorless control algorithm can be designed. In addition, the small-signal injection technique [27], extended Kalman filter method (EKF) [28,29], high gain observer [30] and sliding mode observer [31,32,33] are developed to estimate the current of boost converters. For the interleaved boost converter, authors have proposed a sensorless current balance controller on the basis of the phase current estimate [34]. By designing a first-order observer for estimating the voltage derivative, the current estimate is obtained [35]. After that, an output feedback controller is proposed for boost converters by means of combining the PD controller and current observer. In [36], the authors design a sensorless control scheme for boost converters from the view of the frequency domain. In [37], an adaptive nonlinear observer is devised to estimate the current and unknown parameter of boost PFC AC/DC converters. It is noted that the abovementioned works contain two main problems. First, all of the previous controllers only ensure the asymptotic/exponential convergence of the state observer. Second, the proposed results center on a particular topology of converters.



It should be noted that the finite-time convergence (FTC) will contribute to improving the transient and robustness. Therefore, for the simpler case of a buck converter described by a linear system, authors have proposed different kinds of finite-time observers to reconstruct the knowledge of the current [38,39,40]. However, there are no studies about designing the finite-time state observer for the complicated case of a class of converters expressed by a nonlinear system. Being aware of these two problems, a generalized parameter estimation-based observer (GPEBO) proposed in [41] is adopted to estimate the inductor current of a boost converter with FTC. In addition, a PI-PBC is designed to stabilize it. The main contributions of this paper are as follows.



	
A PI-PBC is proposed to stabilize a DC–DC boost converter with exponential stability.



	
A GPEBO is constructed to estimate the inductor current. It is noted that the FTC of this observer is ensured and a very weak persistence of excitation (PE) condition is needed. Moreover, this result can be easily extended to a large class of converters.



	
The experimental results are given to assess the performance of the proposed sensorless control law.






The remainder of this paper is as follows. The model of this system is described in Section 2. Subsequently, in Section 3, a sensorless control law is developed by combining PI-PBC and GPEBO. The simulation and experimental results are shown in Section 4 and Section 5, respectively. The conclusion is given in Section 6.




2. System Model and Problem Formation


2.1. Model of DC–DC Boost Converter with CPL


The topology shown in Figure 2 corresponds to a DC–DC boost converter. It is assumed that this converter works in continuous conduction mode (CCM). Based on the state-space averaging method proposed in [42,43], its averaged model is expressed as


      L  i ˙      = − ( 1 − d ) v + E ,       C  v ˙      =  ( 1 − d )  i −  v R  ,      



(1)




where   i ∈ R   is the inductor current,   v ∈ R   the output voltage, R resistance, E the input voltage, L inductor, C capacitance,   d ∈ [ 0 , 1 ]   duty ratio. The equilibrium set is described as


     E : =  i ∈ R , v ∈ R ∣ i −   v 2   R E   = 0  .     



(2)







Remark 1.

As stated in Section 2.1, it is assumed that the boost converter works in CCM. Hence, the present work does not consider discontinuous conduction mode (DCM). The model of the converter under DCM is different from Equation (1), which is shown in [44].






2.2. Problem Formulation


The main objective of this paper is to propose a sensorless control law for the boost converter. It is assumed that the induct current i is not measured. For the given   v ⋆  , the control law with the following features is designed.



	F1.

	
The estimate of the state i can converge to its real value with the FTC. That is,


      i ^   ( t )  = i  ( t )  ,   ∀ t >  t c      



(3)








	F2.

	
  (  i ⋆  ,  v ⋆  )   is an exponentially stable equilibrium of the closed-loop system. Namely, for all initial conditions, the following claim is achieved with the estimate   i ^  .


   lim ∞  v  ( t )  =  v ⋆  ,  



(4)




with all signals bounded.









3. Sensorless Controller Design


In this section, a sensorless control law is designed for the DC–DC boost converter. The design procedure can be divided into three steps.



	
It is supposed that the state i is measured. The full-information PI-PBC is designed.



	
A GPEBO is devised to estimate the current with FTC.



	
By combining the PI-PBC and GPEBO, a sensorless control scheme is achieved.






The system in Equation (1) can be rewritten in the port-controlled Hamiltonian form


      x ˙  =  ( J u − R )  Q x + ζ ,     



(5)




where   u = 1 − d  ,


  x =      L i       C v      , J =     0    − 1      1   0     , Q =      1 L    0     0    1 C      , R =     0   0     0    1 R      , ζ =     E     0     .  











Moreover, the desired dynamics for the system (Equation (5)) are given by


       x ˙  ⋆  =  ( J  u ⋆  − R )  Q  x ⋆  + ζ ,     



(6)




where    x ⋆  ∈ E  .



3.1. PI-PBC Design


First, the PI-PBC is proposed to stabilize the boost converter. Here, we assume that   x 1   is measured.



Proposition 1.

A PI-PBC is designed as


        x ˙  c     =  y ˜  ,      u    = −  k p   y ˜  −  k i   x c        



(7)




with the passive output


       y ˜  =   x ˜  T  Q  g ⋆  ,      



(8)




where    g ⋆  = J Q  x ⋆   . For all    x ⋆  ∈ E  , the equilibrium


    ( x ,  x c  )  =  (  x ⋆  , −  1  k i    u ⋆  )    








is globally exponentially stable with the following condition


          ε < max   2   |   g ⋆   |     k i  Q     ,   k p   k i    ,          R +  k p    |  g ⋆  |  2  > ε    b  b T     4 |   g ⋆    |  2    | Q |  2    +  k i    |  g ⋆  |  2   ,       



(9)




where ε is a free constant,    |   g ⋆    |  2  : =  g ⋆   g ⋆ T  ,   | Q |  2  : = Q  Q T   .





Proof. 

First, for convenience,    g ⋆  = J Q  x ⋆    is defined. To obtain the error dynamics, subtracting Equation (6) from Equation (5) gives


       x ˜  ˙     =  ( J u − R )  Q  x ˜  +  u ˜   g ⋆        y ˜     =   x ˜  T  Q  g ⋆  .      



(10)







In addition, the PI-PBC (Equation (7)) can be rewritten as the error form


        x ˜  ˙  c     =   x ˜  T   g ⋆  ,       u ˜     = −  k p    x ˜  T   g ⋆  −  k i    x ˜  c  .      



(11)







Defining the energy function


  W =  1 2    x ˜  T  Q  x ˜  +   k i  2    x ˜  c T    x ˜  c  ,  








the closed-loop system combining Equation (10) with Equation (11) can be expressed as


           x ˜  ˙         x ˜  ˙  c           =      J u −  R a      −  g ⋆ T        g ⋆    0     ∇ W ,     



(12)




where    R a  = R +  k p   g ⋆   g ⋆ T   . Next, the exponential stability of the closed-loop system (12) should be proved. Towards this end, the following Lyapunov function is chosen.


  V = W + ε  k i    x ˜  c   g ⋆ T   x ˜  ,  








which can be also expressed as


     V =  1 2         Q   x ˜  T       k i    x ˜  c       ︸    ∇ T  W          1 Q      ε 2   g ⋆         ε 2   g ⋆ T      1  k i       ︸  M         Q  x ˜         k i    x ˜  c       ︸   ∇ W   .     



(13)







Differentiating the function V along the trajectory (Equation (12)) with respect to time gives


     V ˙     = −   x ˜  T   R a   x ˜  + ε  k i    x ˜  c   g ⋆ T    ( J u −  R a  )  Q  x ˜  −  g ⋆   k i   x c   + ε  k i    x ˜  T   g ⋆   g ⋆ T   x ˜           = −   x ˜  T   R +  (  k p  − ε  k i  )   g ⋆   g ⋆ T    x ˜  − ε  k i 2   g ⋆ T   g ⋆    x ˜  c T    x ˜  c  + ε  k i   g ⋆ T   ( J u −  R a  )   x ˜    x ˜  c           = −      Q   x ˜  T       k i    x ˜  c               R +  (  k p  − ε  k i  )   g ⋆   g ⋆ T    Q  Q T       −   ε b   2 Q          ε  b T    2 Q      ε  g ⋆ T   g ⋆       ︸  N       Q  x ˜         k i    x ˜  c                = −  ∇ T  W N ∇ W ,     








where    b T  =  g ⋆ T   ( J u −  R a  )   . Hence, the condition   M > 0   should be satisfied to ensure that the function V is a Lyapunov function. Moreover, the closed-loop system is exponentially stable as long as   N > 0  . The sufficient condition is constructed as follows.


         M > 0 ⟺ ε <  2   |   g ⋆   |     k i  Q     ,          N > 0 ⟺           k p   k i   > ε           R a  > ε    b  b T    4 Q  Q T   g ⋆   g ⋆ T    +  k i   g ⋆   g ⋆ T             



(14)







When the above condition is satisfied, one has


   V ˙  ≤ − α V ,  








where   α =   2  λ  min    ( N )     λ  min    ( M )     . It is concluded that the closed-loop system is exponentially stable. □





Remark 2.

It is observed in [45] that the authors have proposed a PI-PBC to stabilize a large class of converters. However, it is noted that the closed-loop system is just asymptotically stable. One contribution of this paper is to extend this work to obtain exponential stability. This has been proved in Proposition 1.






3.2. GPEBO Design


The state   x 2   is measured. To pose the observer design problem, we define a matrix   C =   [ 0  1 ]  T    such that the vector


   y m  = C x ,  



(15)




is available for measurement.



To streamline the presentation of the result, we define the matrix


  Λ ( u ) : = ( J u − R ) Q ,  



(16)




and make the following interval excitation assumption on a scalar signal  Δ , which is defined below.



Assumption 1.

Fix a small constant   μ ∈ ( 0 , 1 )   and a positive number γ. There is a time    t c  ∈  ( 0 , ∞ )    such that


    ∫ 0  t c    Δ 2   ( τ )  d τ ≥ −  1 γ  ln  ( 1 − μ )  .   



(17)









A GPEBO is designed to estimate the unmeasured state   x 1  . The main idea of this technique is to transform the estimation problem of the state to observe the parameter.



Proposition 2.

Consider the system (5) with the measurable output   y m   (15). Define the GPEBO via


    ξ ˙    = Λ ( u ) ξ + ζ   



(18)






    Φ ˙    = Λ  ( u )  Φ ,  Φ  ( 0 )  =  I n    



(19)






    Y ˙    = − λ Y + λ  Φ ⊤   C ⊤   ( C ξ −  y m  )    



(20)






    Ω ˙    = − λ Ω + λ  Φ ⊤   C ⊤  C Φ   



(21)






    ω ˙    = − γ  Δ 2  ω ,  ω  ( 0 )  = 1   



(22)






     θ ^  ˙    = γ Δ ( Y − Δ  θ ^  ) ,   



(23)




with   λ > 0 ,  γ > 0  , free tuning parameters and


     Y = a d j { Ω } Y ,  Δ = det { Ω } ,     



(24)




where    a d j  { · }   is the adjunct matrix. The state estimate


      x ^  = ξ + Φ   θ ^  FCT      



(25)




where we introduced the vector


       θ ^  FCT  : =  1  1 −  ω c      θ ^  −  ω c   θ ^   ( 0 )       



(26)




and   ω c   is defined via the clipping function


      ω c  =      ω        i f   ω ≤ 1 − μ ,       1 − μ   i f   ω > 1 − μ .          








ensures that, for all initial conditions    ( ξ  ( 0 )  , Y  ( 0 )  , Ω  ( 0 )  ,  θ ^   ( 0 )  )  ∈  R 2  ×  R 2  ×  R  2 × 2   ×  R 2   , we have that


      x ^   ( t )  = x  ( t )  ,   ∀ t >  t c      



(27)




with all signals bounded provided Δ verifies the above assumption.





Proof. 

Define the signal   e : = x − ξ .   From Equations (5) and (18), one obtains the linear time-varying (LTV) system


   e ˙  = A  ( t )  e ,  








where we have defined   A ( t ) : = Λ ( u ( t ) )  . The state transition matrix of this LTV system satisfies Equation (19) and, consequently,


  e : = Φ θ ,  








where the initial condition   e ( 0 ) = : θ   is treated as an unknown constant vector. Using the definition of e we obtain


     x = ξ + Φ θ .     



(28)







Next, our task is to estimate the parameter  θ  so that we can reconstruct the state x using Equation (28). Towards this end, we use the output measurements of Equation (15) to obtain


   y m  = C x = C ξ + C Φ θ ,  








which we can write as an LRE


      y m  − C ξ = C Φ θ .     



(29)







Following the DREM procedure, we carry out the next operations


   Φ ⊤   C ⊤   (  y m  − C ξ )  =  Φ ⊤   C ⊤  C Φ θ      ( ⇐   Φ ⊤   C ⊤  ×  ( 29 )  )   



(30)






   λ  p + λ    [  Φ ⊤   C ⊤   (  y m  − C ξ )  ]  =  λ  p + λ    [  Φ ⊤   C ⊤  C Φ ]  θ   ( ⇐   λ  p + λ    [ · ]  )   



(31)






   Y = Ω θ         ( ⇔   ( 20 )  ,  ( 21 )  )   



(32)






   adj   { Ω }  Y =  adj   { Ω }  Ω θ      ( ⇐   adj   { Ω }  × )   



(33)






  Y = Δ θ        ( ⇔   ( 24 )  )  .  



(34)




where   p : =  d  d t    , and to obtain the last identity, we use the fact that for any (possibly singular)   n × n   matrix M we have    adj   { M }  M = det  { M }   I n   . Adding the latter equation in Equation (23) yields the error dynamics


       θ ˜  ˙  = − γ  Δ 2   θ ˜  ,     



(35)




where    θ ˜  : =  θ ^  − θ  . Since  Δ  is a scalar, the solution of the latter equation is given by


      θ ˜  =  e  − γ  ∫ 0 t   Δ 2   ( s )  d s    θ ˜   ( 0 )  ,  ∀ t ≥ 0 .     



(36)







Now, notice that the solution of Equation (22) is


  w  ( t )  =  e  − γ  ∫ 0 t   Δ 2   ( s )  d s   .  











The key observation is that, using the equation above in Equation (36), and rearranging terms, we obtain that


      [ 1 − w  ( t )  ]  θ =  θ ^   ( t )  − w  ( t )   θ ^   ( 0 )  .     



(37)







Finally, observe that w is a non-increasing function and, under the interval excitation, we have that


   w c   ( t )  = w  ( t )  < 1 ,  ∀ t ≥  t c  ,  











The proof of state estimation convergence is completed, noting that the latter implies that


   1  1 −  ω c   ( t )      θ ^   ( t )  −  ω c   ( t )   θ ^   ( 0 )   = θ ,  ∀ t ≥  t c  ,  








that, in view of Equations (25) and (28), implies Equation (27).



We proceed now to prove that all signals of the GPEBO are bounded. First, notice that Equation (18) is a copy of the converter dynamics in Equation (5). Therefore,  ξ  is bounded. To prove the boundedness of  Φ , consider the quadratic function   U  ( Φ )  =  1 2   t r   {  Φ ⊤  L Φ }    whose derivative, along the trajectories of Equation (19), is


      U ˙      =  ∑  i = 1  n   Φ i ⊤  L Λ  ( u )   Φ i          =  ∑  i = 1  n   Φ i ⊤  L R L  Φ i  ≤ − c U ,     



(38)




where    t r  { · }  , denotes the trace,    Φ i  ∈  R 2    is the i-th column of the matrix  Φ  and   c > 0  . Now, from Equation (21), we can see that boundedness of  Φ  implies boundedness of  Ω . Finally, the fact that Y is bounded follows from the fact that   Y = Ω θ  . This completes the proof. □






3.3. Observer-Based PI-PBC


In this section, we propose our sensorless PI-PBC, which is obtained by combining the PI-PBC of Proposition 1 with the state observer reported in the previous subsection.



Proposition 3.

Consider the system in Equation (5) with the measurable outputs of Equation (15) in a closed loop with the PI-PBC of Proposition 1, where the state   x 1   is replaced by an estimate    x ^  1   generated via the FCT GPEBO of Proposition 2.



Then, for all initial conditions of the plant and the controller    ( x  ( 0 )  ,  x c   ( 0 )  )  ∈  R 2  × R   and all initial conditions of the observer    ( ξ  ( 0 )  , Y  ( 0 )  , Ω  ( 0 )  ,  θ ^   ( 0 )  )  ∈  R 2  ×  R 2  ×  R  2 × 2   ×  R 2   , the trajectories of the closed-loop system are bounded and satisfy Equation (4).





Proof. 

First, notice that the output signal of Equation (8), evaluated with   x ^   instead of x, may be written as


      (  x ^  −  x ⋆  )  T   g ⋆  =   [ x −  x ⋆  + Φ  (   θ ^  FCT  − θ )  ]  T   g ⋆                    =  y ˜  +   (   θ ^  FCT  − θ )  T   Φ T   g ⋆  .    











Consequently, the PI-PBC (Equation (7)) takes the form


       x ˙  c      =  y ˜  +   (   θ ^  FCT  − θ )  T   Φ T   g ⋆         u ˜      = −  k p   y ˜  −  k i    x ˜  c  −  k p    (   θ ^  FCT  − θ )  T   Φ T   g ⋆  .     











Adding the control signal   u ˜   above in the system dynamics of Equation (10) yields


       x ˜  ˙      =  J u − R  Q  x ˜  −  g ⋆   [  k p   y ˜  +  k i    x ˜  c  +  k p    (   θ ^  FCT  − θ )  T   Φ T   g ⋆  ]          = :  F x   ( x ,  x c  )  −  g ⋆   k p    (   θ ^  FCT  − θ )  T   Φ T   g ⋆  ,     








where    F x   ( x ,  x c  )    corresponds to the system in a closed loop with the full-state measurable input signal   u ˜  .



Proposition 1 ensures that   (  x ⋆  ,  x c ⋆  )   is a globally exponentially stable (GES) equilibrium of the unperturbed system. Now, as shown in Proposition 2, The assumption ensures that     θ ^  FCT   ( t )  = θ   for all   t ≥  t c   . Invoking the absence of finite escape times and the aforementioned GES property allows us to conclude that Equation (4) holds globally. □





Remark 3.

In this paper, the GPEBO is just designed for a boost converter. However, this technique can be extended to a large class of power converters described by port controlled Hamiltonian systems shown in [45].







4. Simulation Results


In this section, to assess the performance of the designed PI-PBC with GPEBO, related simulation research is conducted by using the software Matlab. The circuit parameters are given in Table 1. The structure of the proposed sensorless controller is shown in Figure 3. First, the tracking performance is verified by considering several step changes in   x  2 ⋆   . Next, the robustness against the parameter perturbations is investigated. Finally, the phase portrait is given to show the global convergence.



4.1. Scenario 1: Tracking Performance Test


The first scenario tests the tracking performance of the presented control scheme. The transient of boost converter under the PI-PBC with GPEBO is shown in Figure 4, which contains the traces of output voltage v, inductor current i and control input u.  γ  = 10,000,   λ = 1000 , μ = 1 ×  10  − 6     are set. It is seen that bigger gains obtain a better transient. Afterward, the step change in   x  2 ⋆    is considered. The nominal value of   x  2 ⋆    is   12  V  . After   0.2  s  , it is changed to   18  V  . Similarly, the reference is set to be   24  V   after   0.4  s  . The simulation result is revealed in Figure 5 with the selection of    k p  = 0.015 ,  k i  = 0.15  , which satisfies the condition of Equation (9). By observing this figure, one can see that the output voltage can converge to the desired values. Moreover, the estimated current also nicely approaches the real value. This can be seen by the result of the following estimation error.




4.2. Scenario 2: GPEBO Performance Test


The performance of GPEBO is tested in this scenario.    k p  = 0.015 ,  k i  = 0.15 ,    μ = 1 ×  10  − 6    . By selecting a different observer gain  γ , the convergence result of GPEBO is revealed, as shown in Figure 6. One can observe that the larger  γ  results in a quicker convergence rate. Interestingly, the initial amplitude of the estimated current does not increase with the rise in the gain. The reason is that the control gain is fixed during the GPEBO performance test. In this case, the real curve of the current is confirmed. Hence, the larger observer gain only allows the estimate of the current to converge to the real value more quickly. Instead, the smaller  γ  may result in this convergence process becoming slower, which may provide a bigger initial amplitude of the estimated current. This fact is clearly shown in the figure.




4.3. Scenario 3: Robustness Performance Test


The robustness performance is considered in scenario 3. To this end, the parameter perturbation of the resistance R is introduced. It varies from   100  Ω   to   50  Ω   at   0.1  s  .  γ  = 10,000,   λ = 1000 ,  k p  = 0.015 ,  k i  = 0.15 , μ = 1 ×  10  − 6    . It is seen in Figure 7 that although the estimate   i ^   has the steady state error, the proposed controller can eliminate the influence of the variation in the resistance in the closed-loop system. Indeed, the output voltage stays around the desired value of   12  V  .




4.4. Scenario 4: Phase Portrait


To show the global convergence of a closed-loop system, the phase portrait is provided in Figure 8. It is assumed that the current i is estimated exactly. It is seen from the vector field that the initial conditions from the whole phase plane can converge to the equilibrium.





5. Experimental Result


The controllers are implemented in the TMS320F28379D digital signal processor (DSP) using the low-cost C2000 Delfino LaunchPad, which are produced by Texas Instruments in Dallas, TX, USA. Simulink is linked to Code Composer Studio to embed and implement the controller. Simulink generates C code and a real-time executable that is downloaded to the LaunchPad. Serial communication is used between Simulink and the LaunchPad to monitor and obtain the experimental results of the average control signal, d, and the output voltage signal, v.



The experimental platform is implemented using a logic level IRLZ44N N-channel MOSFET from infineon in Neubiberg, Germany and an STPS10L60 Schottky diode from STMicroelectronics in Dallas, TX, USA. The 6N137 optocoupler, which is from Fairchild in Silicon Valley, CA, USA, is used as the MOSFET driver. Two TLV237 operational amplifiers and one ISO224 isolated operational amplifier, which are produced by Texas Instruments in Dallas, TX, USA. are implemented to condition the output voltage vo in order to be measured by the DSP. The schematic diagram of the experimental platform is shown in Figure 9.



The parameters are chosen as    k p  = 0.025 ,  k i  = 0.07 , γ   = 10,000,   λ = 1000 , μ = 1 ×  10  − 6    . The experimental result is shown in Figure 10. It is observed that the designed controller will drive the output voltage to the desired value. Moreover, the estimate of the inductor current satisfies the practical requirement. This shows a nice control performance.




6. Conclusions and Future Work


In this paper, the sensorless control problem of DC–DC boost converters was addressed. A PI-PBC was proposed to stabilize this system. To avoid the need for the current sensor, the GPEBO was designed to reconstruct the information of the current. Different from most existing approaches, this state observation problem is changed to be that of parameter estimation. In addition, the FTC of this observer is ensured. By incorporating the estimate of the current into the above feedback controller, the sensorless control scheme was achieved. With this controller, it was proved that the exponential stability of the closed-loop system is ensured. The simulation and experimental results on the boost converter validate the effectiveness of the presented scheme.



Our study has three technological limitations:




	
Although the proposed controller is insensitive to the perturbations of the circuit parameters including   L , C , E  , the implementation of the designed GPEBO depends on the exact knowledge of these parameters.



	
In this paper, a full-order GPEBO is proposed to estimate two states. In fact, the state   x 2   can be measured. Hence, to avoid the heavy computation task in digital signal processors, a reduced-order observer is desired to only reconstruct the state   x 1  . This does not mean that the full-order GPEBO is useless. Indeed, the estimate    x ^  2   can be used to view the performance of the power system. An alternative method is still needed to suit different application scenarios.



	
The proposed method can deal with the sensorless control problem of boost converters with resistance load. However, the constant power load (CPL) exists in many practical applications.








In future work, the design of an adaptive GPEBO and reduced-order GPEBO for converters with resistance and CPL will be provided to solve the above problems. Additionally, the proposed result will be extended to the case of the converter under DCM.
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Figure 1. The application cases of a boost converter in a power system. (a) Battery-power system, (b) wound rotor asynchronous motor system, (c) wind generator system, (d) solar cell system. 
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Figure 2. The circuit topology of DC–DC boost converter. 
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Figure 3. The structure of the proposed sensorless controller. 
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Figure 4. Boost converter transient under the proposed sensorless controller. (a) Output voltage v, (b) estimated current   i ^  , (c) duty ratio d. 
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Figure 5. Response curves of boost converter under the proposed sensorless controller with different references. (a) Output voltage v, (b) estimated current   i ^  , (c) duty ratio d. 
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Figure 6. Transient of GPEBO with different  γ . (a) estimated current   i ^  , (b) estimation error. 
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Figure 7. Response curves of boost converter with a step change in R. (a) Output voltage v, (b) estimated current   i ^  , (c) estimation error. 
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Figure 8. The phase portrait of closed-loop system. The black point is the equilibrium. The red lines are the state trajectories. 
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Figure 9. Schematic diagram of the experimental platform. 
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Figure 10. Response curves of boost converter under the proposed sensorless controller (experiment). (a) Output voltage v, (b) estimated current i, (c) duty ratio d. 
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Table 1. Simulation/experimental set—points and physical parameters.
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	Parameter
	Symbol (Unit)
	Value





	Input voltage
	   E  ( V )   
	6



	Reference output voltage
	    x  2 ⋆    ( V )    
	12



	Gain
	    x  2 ⋆   / E   
	2



	Resistance
	   R  ( Ω )   
	100



	Inductance
	   L  ( mH )   
	5



	Capacitance
	   C  ( μ F )   
	680
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