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Abstract

:

Boost-type dc-dc converters present non-minimum phase dynamic system characteristics. Therefore, controller design using only the output voltage for feedback purposes is not a very straightforward task. Even though output voltage control can be achieved using inductor current control, the implementation of such current-mode controllers may require prior knowledge of the load resistance and also demand more states such as one or more currents in feedback. In this paper, the development of a new output feedback controller for boost-type dc-dc converters is presented. The controller form is such that it avoids the possibility of saturation in the control signal due to division by zero. The basic structure of the proposed controller is firstly obtained from the expression of the open-loop control signal, and the complete controller structure is then derived to satisfy the closed-loop stability conditions. Simulation and experimental results clearly verify the ability of the control law to provide robust regulation against parameter variations.
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1. Introduction


Step-up dc-dc converters are used in various applications, such as energy generation using renewable resources, electric vehicles, hybrid electric vehicles, and so on [1,2,3]. However, the output voltage regulation of these converters is not a very straightforward task, as they exhibit non-minimum phase dynamic system characteristics [4]. This does not easily allow control of the output voltage using a single voltage sensor. To address this, voltage regulation is usually achieved by controlling the inductor current in the converter [4,5,6,7,8]. In ref. [5], a linear state feedback along with an integral action based on output voltage is employed to implement current-mode control. In ref. [6], it has been shown that a current-mode control scheme consisting of a proportional-current feedback and an integral voltage-feedback is sufficient to regulate the quasi-resonant converter. Moreover, a non-linear controller of the exponential form has been attempted in [7]. Even though the indirect approach of regulation discussed in refs. [5,6,7] offers several advantages, including faster transient response as well as overload protection [7]; this approach has a certain drawback: it requires the usage of a reference inductor current to realize the control law. The reference inductor current in turn is computed using the load resistance R term. In practical systems R could be unknown and also could vary. To address this, an adaptive control law [9,10,11] can be used. However, it incurs complex hardware circuitry, and it is still required to sense the inductor current, which results in extra cost and complexity due to the use of an additional current sensor.



Recently, sliding-mode control (SMC) has become a popular control methodology for regulating boost-type dc-dc converters [12,13,14,15,16,17,18,19,20,21]. The traditionally used hysteresis-modulation (HM) based SMC has many benefits, such as simplicity of realization and being less prone to saturation at large duty cycle values [14,15,16]. However, the changing switching frequency could not only cause higher switching losses in the converter but also leads to generation of electromagnetic interference (EMI) [17]. To address this, a constant-frequency SMC can be used [18]. However, such a controller adopts a single integral action in its sliding surface which is not sufficient to fully eliminate steady-state errors [19,20]. The use of an additional integral action could increase the controller’s order and its implementation complexity [18,19,20,21]. Ideally, a lower-order controller is preferred for reduced cost and simplicity. Interestingly, in most of these works related to SMC, the controller is realized based on the inductor current feedback, which results in extra hardware circuitry and cost because of the current sensor.



Recently, some passivity-based controllers were employed for boost converters [22,23]. This type of controller has simple architecture and does not need a current sensor. However, the structure of the controller proposed in [22] is such that there is a possibility of division by zero in the control signal, which could ultimately result in the saturation of the control signal. Additionally, one of the equilibrium points in the “remaining dynamics” of the closed-loop system is unstable [22].



In this paper, the development of a new output feedback controller is presented for the boost converter. Initially, the basic controller structure is given based on the expression of the open-loop transfer function, and subsequently the entire structure is obtained satisfying the stability conditions. The feasibility of the controller is shown, and tuning guiding principles are derived to obtain the smooth transient response. The main advantage of the proposed controller is that it avoids the possibility of saturation in the control signal due to division by zero as compared to that of [16]. Moreover, the closed-loop system has only one equilibrium point, which is always stable.




2. Derivation and Analysis of the Output Feedback Controller


Figure 1 shows the circuit diagram of the boost converter. The control problem of this converter is addressed in this section. The output voltage is regulated directly, despite the non-phase dynamic response of the converter.



2.1. Averaged State-Space Model of the Boost Converter


The system dynamics of the boost converter are given by [4]:


      d i  L    d t   =   −     1 − u    L   v c  +  E L   



(1)






    d  v c    d t   =       1 − u    C   i L  −  1  R C    v c   



(2)




here,    i L    and    v C  =  v o      are the current through the inductor and voltage across the capacitor, respectively. The scalar  u  represents the control signal such that     0 < u < 1  . By equating Equations (1) and (2) to zero, the steady-state equations are obtained:


    I L  =      V C 2    R E     ,   U = 1 −  E   V C      



(3)




where      I L   ,    V C  =  V o   , and  U  are the steady-state values of     i ˙  L   ,    v C  =  v o   , and  u , respectively. Setting    V C  =  V d    where    V d    is the desired voltage (with     0 < E <  V d   ) gives


    I L  =      V d 2    R E       ,    V C  =  V d      ,   U =    V d  − E    V d      



(4)







The problem at hand is to find a suitable output feedback controller to regulate the boost converter.




2.2. Derivation of the Proposed Output Feedback Controller


Here, the derivation of the structure of the proposed controller for the step-up converter is given. To this end, the preliminary structure of the output feedback controller is firstly derived from the equation of the open-loop control law given by Equation (4), and the complete form is subsequently derived to satisfy the closed-loop stability conditions. Here    x 1  =  i L    and    x 2  =  v o    represent the state variables, and    x  1 ∞     and    x  2 ∞     represent their steady values, respectively. The form of the proposed controller can be written as


  u =    x  2 d     − E    V d     



(5)




where


    d  x  2 d     d t   = − f    x  2 d   ,  e 2       



(6)







In Equation (6),    e 2  =    x 2  −  x  2 d      . Here,    V d    in expression of  U  in Equation (4) is replaced by      x  2 d    , a new state variable. This results in a control law Equation (5) that is not dependent on the load resistance  R  of the converter. Moreover, as contrast to ref. [22], a constant reference voltage    V d    is used in the denominator, which avoids the problem of saturation of control signal due to division by zero. A suitable function, i.e.,   f    x  2 d   ,  e 2     , is needed such that the closed-loop error system is stable and in the steady-state,     d  x  2 d     d t   = 0   when    x  2 d ∞   =  V d    and      e  2 ∞   = 0   is satisfied. The error vector is defined as follows:


  e = x −  x d   



(7)




where     e =      e 1     e 2     T   ,   x =      x 1     x 2     T   , and    x d  =      x  1 d      x  2 d      T   . Substituting Equation (5) into Equations (1) and (2) and using Equations (6) and (7), and      x  1 d   =  V d    2  /   R E     yields


    d  e 1    d t   =    1 L       x  2 d     −  V d  − E    V d         e 2  +  x  2 d     +  E L   



(8)






    d  e 2    d t   =    1 C       V d    −    x  2 d     +   E    V d         e 1  +    V d 2    R E     −  1  R C      e 2  +  x  2 d     + f    x  2 d   ,  e 2       



(9)






    d  x  2 d     d t   =   − f    x  2 d   ,  e 2       



(10)







The equilibrium point of Equations (8)–(10) can be obtained as     (  e  1 ∞ ,    e  2 ∞ ,    x  2 d ∞   ) = (   0 ,   0 ,    V d     ).Linearizing Equations (8)–(10) about this equilibrium point leads to the system of the form


    d z   d t   =   N z  



(11)




where     z =   [  z 1     z  2      z 3  ]  T  =      e 1  −  e  1 ∞      e 2  −  e  2 ∞    x  2 d   −  x  2 d ∞      T    is the state vector, and  N  is given by


  N =        0    −  E  L  V d         1 L    1 −  E   V d             E  C  V d          ∂ f   ∂  e 2    −  1  R C       −  1  R C     1 +    V d   E    +   ∂ f   ∂  x  2 d          0    −   ∂ f   ∂  e 2        −   ∂ f   ∂  x  2 d            








here     ∂ f   ∂  .      is evaluated at     (  e  1 ∞ ,    e  2 ∞ ,    x  2 d ∞   )  . Using Laplace transform for Equation (11) yields


    s I − N     =    s 3  +  n 2     s 2  +  n 1  s +  n 0   



(12)




where the coefficients of this polynomial are given by


    n 2  =   ∂ f   ∂  x  2 d     −   ∂ f   ∂  e 2    +  1  R C   ,     n 1  =    1  R C       ∂ f   ∂  x  2 d     −   ∂ f   ∂  e 2      1 +    V d   E      +    E 2    L C  V d 2    ,     n 0  =  E  L C  V d        ∂ f   ∂  e 2      1 −  E   V d      +  E   V d      ∂ f   ∂  x  2 d         



(13)







The system represented by Equation (11) will be stable if all the eigenvalues of  N – that is, the roots of |    s I − N   | = 0, where s is a complex variable–lie in the open left-half complex plane. The conditions for stability can be summarized as    n i  ′ s > 0   and      n 1   n 2  −  n 0  > 0  , which lead to the conditions given by


     ∂ f   ∂  x  2 d     =    K 1   C  > 0   ,     ∂ f   ∂  e 2    = −    K 2   C    ,   and    K 1  >  K 2       V d  − E  E      



(14)




where    K 1    and    K 2    are positive constants. Using Equation (14), the function   f    x  2 d   ,  e 2      can be written as


  f    x  2 d   ,  e 2      =    K 1   C   x  2 d   −    K 2   C   e 2  + q  



(15)




where  q  is a constant. Substituting (15) into (6) and using    e 2  =  x 2  −  x  2 d     gives


    d  x  2 d     d t   = −    K 1  +  K 2   C   x  2 d   +    K 2   C   x 2  − q  



(16)







In order satisfy the equilibrium condition given by       d  x  2 d     d t   = 0  , when      x  2 d ∞   =  V d    and      e  2 ∞   = 0  , (16) can be rewritten as


    d  x  2 d     d t   = −    K 1  +  K 2   C   x  2 d   +    K 2   C   x 2  +    K 1   C   V d   



(17)







Equation (5), along with Equation (17), represents the complete form of the proposed output feedback controller, which is linear. As can be seen from Equations (5) and (17), the implementation this controller requires only the output voltage for feedback purposes.




2.3. Tuning Guidelines


Here, tuning guiding principles are proposed to attain the required output response. Using Equation (14) in Equations (12) and (13), the characteristic polynomial can be rewritten as


    s I − N     =    s 3  +  n 2     s 2  +  n 1  s +  n 0   



(18)




where


    n 2  =    K 1   C  +    K 2   C  +  1  R C   ;    n 1  =      K 1    R  C 2    +    K 2    R  C 2      1 +    V d   E    +    E 2    L C  V d 2      ;    n 0  =    K 1   E 2    L  C 2   V d    2    +    K 2  E   E −  V d      L  C 2   V d    2      



(19)







Using Laplace transform for Equation (11) and using      z 3   0    = 0  , i.e., setting      x  2 d    0    =  V d    gives


   z 3   s    = −      K 2   C     z 2   0      s +  E  C  V d             z 1   0       z 2   0           s 3  +  n 2     s 2  +  n 1  s +  n 0     



(20)







During start up,    x 1   0    =    x 2   0    = 0  , which results in,      z 1   0    = −  V d    2  / R E   and    z 2   0    = −  V d   . Thus, (20) can be written as


   z 3   s    =      K 2   C     V d      s +  1  R C            s 2  + 2 ξ  ω n  s +  ω n    2      s + p      



(21)







It should be noted that the denominator of Equation (20) is rewritten as      s 2  + 2 ξ  ω n  s +  ω n    2      s + p    , where    ω n    and  ξ  are the un-damped natural frequency and damping ratio of the standard second-order system    z 3   s  / R  s    =    ω n    2  /      s 2  + 2 ξ  ω n  s +  ω n    2     , respectively [24], and  p  is a positive constant. In order to achieve system behavior like the standard second-order system, the third pole must be chosen as   p = 1 / R C  . This results in pole-zero cancellation, and the zero   1 / R C   has no effect on the output response. Comparing the denominators of Equation (20) and Equation (21) yields


       s 3  +  n 2     s 2  +  n 1  s +  n 0  =      s 2  + 2 ξ  ω n  s +  ω n    2      s +  1  R C      



(22)







Equating the coefficient in Equation (22) and using Equation (19) leads to


  2 ξ  ω n  =    K 1  +  K 2   C   



(23)






    2 ξ  ω n    R C   +  ω n    2  =    K 1    R  C 2    +    K 2    R  C 2      1 +    V d   E    +    E 2    L C  V d 2     



(24)






     ω n    2   R  =    K 1   E 2    L C  V d    2    +    K 2  E   E −  V d      L C  V d    2     



(25)







Using Equation (23) in Equation (24) gives


         K 1  +  K 2     2    4  ξ 2   C 2    −    K 2   V d    R E  C 2    −    E 2    L C  V d 2    = 0  



(26)







Also using Equations (23) and (24) in Equation (25) leads to


   K 2  =      K 1  R  E 2    L C  V d    2    −    E 2    L C  V d 2         V d    R E  C 2    −   R E   E −  V d      L C  V d 2       



(27)







Equations (26) and (27) can be solved simultaneously to give the required values of    K 1    and    K 2    for any circuit parameters.




2.4. Feasibility of the Proposed Controller


The feasibility of the controller Equations (5) and (17) are now investigated. This analysis is necessary to confirm that the control input is always bounded for all operating conditions. Equation (5) gives     d  x  2 d     d t   =   d u   d t    V d   . Substituting     d  x  2 d     d t   =   d u   d t    V d    into Equation (17) and using    x  2 d   = u  V d  + E   (see Equation (5)), the expression of     d u   d t     can be obtained as


    d u   d t   = −    K 1  +  K 2     V d  C     u  V d  + E   +    K 2     V d  C    x 2  +    K 1   C   



(28)







Now, letting    x 2    coincide with its desired value    V d    leads to


    d u   d t   = −      K 1  +  K 2     C    u −    V d  − E    V d       



(29)







The phase diagram of Equation (29) using   E = 5    V   ,       V   d  = 15    V   ,     C  = 100    μ F   ,    K 1  = 0.08515  , and    K 2  = 0.03993   is shown in Figure 2. It is evident that    u ∞  =      V d  − E   /  V d  = 0.67   is the only equilibrium point in the figure.



The main result of the paper is given in the proposition.



Proposition: 

For given   V d   , such that    E <  V d  < ∞  , the control law given by Equations (5) and (17) with     K 1  > 0  ,     K 2  > 0  and       K 1  >  K 2     V d  − E   / E  locally asymptotically stabilizes the boost converter to the steady-state point     x  1 ∞   ,    x  2 ∞   ,  x  2 d ∞       =      V d    2  / R E ,  V d  ,  V d     for any    0 < R < ∞  .







3. Simulation and Experimental Results


The following converter parameter values were used to validate the use of the proposed output feedback controller for the boost converter:


   E = 5    V    ,      V   d  = 15    V    ,    L  = 3.3    mH    ,    C  = 100    μ F    ,   R = 220   Ω   



(30)







Substituting these parameter values into Equations (26) and (27) and using     ξ = 1  , the values of    K 1    and    K 2    were obtained as   0.09   and     0.04  , respectively. For implementation purposes, a voltage divider factor,  β , was introduced, and Equations (5) and (17) are modified as follows:


  u =    x  2 d s     −  E s     V  d s      



(31)






    d  x  2 d s     d t   = −    K 1  +  K 2   C   x  2 d s   +    K 2   C   x  2 s   +    K 1   C   V  d s    



(32)




where      E s  = β E  ,    V  d s   = β  V d   ,    x  2 s   = β  x 2   ,    x  d s   = β  x d   , and   β =   1 / 10  .



3.1. Simulation Results


Some simulations were carried out using PSIM version 9.0 to confirm the ability of the proposed controller to achieve voltage regulation in a dc-dc converter. The switching frequency used was 20 kHz.



Figure 3a indicates the transient response of the step-up converter and control signal when    V d  = 15   V  . Output signal quickly reached the set value of the reference in ~0.03 s. Figure 3b,c shows the load change response of the system when the load was varied from   R = 220    Ω      to   R = 150   Ω    (vice-versa) and from   R = 220    Ω      to   R = 330   Ω    (vice-versa), respectively. Again, the worst-case settling time of the load-change response was obtained as ~0.04 s with a maximum overshoot of ~1 V. Figure 3d shows the converter response when input was changed from   E = 5   V   to   E = 8   V   and then back to     E = 5   V  . The settling time of the response was ~0.025 s with a worst-case overshoot of ~0.8 V.




3.2. Experimental Results


For the sake of hardware implementation, further proportional and integral actions were introduced in Equation (31) to give


  u =    x  2 d s     −  E s     V  d s     −  K p     v  o s   −  V  d s     −  K i  ∫    v  o s    τ  −  V  d s     d τ  



(33)




where      K p    and    K i    are the positive constants. Figure 4 shows the circuit diagram of the proposed control scheme. Here, the division function was implemented using the AD633 chip (Wilmington, MA, USA). The proportional and integral gains used were    K p  = 0.34   and    K i  = 5  , respectively.



Figure 5a shows the output voltage of the converter for    V d  = 15   V  . The response had a settling time of ~0.2 s with almost no overshoot. Figure 5b,c shows the converter response when R changed from   R = 220    Ω      to   R = 110   Ω    (vice versa) and from   R = 220    Ω      to   R = 1020   Ω    (vice-versa), respectively. The disturbances were rejected in ~0.2 s with a worst-case overshoot of ~1 V. Figure 5d shows the output voltage response in the presence of a reference voltage change from    V d  = 15   V   to    V d  = 10   V   and then back to    V d  = 15   V  . These results clearly validate the suitability of the proposed controller for the step-up dc-dc converter.




3.3. Discussion on Results


Figure 3 and Figure 5 clearly illustrate the ability of the proposed controller to regulate the converter’s output voltage when disturbances in load, line, and reference voltage were introduced. As can be seen from Figure 3a, the transient response was critically damped with a settling time of ~0.025 s. Moreover, the load was changed by ~33% of its original value, the input was changed by 60% of its actual value, and in both cases the worst-case settling time was ~0.04 s with slightly less than 1 V of maximum overshoot. For the hardware prototype implementation of the proposed controller, extra proportional and integral actions were introduced to decrease the steady-state error owing to the parasitic resistances of the capacitor and inductor present in the circuit. This did not require the use of any additional sensing circuitry, and the control scheme can be realized using only an output voltage feedback sensor. As can be seen from Figure 5a, the settling time of the transient response was ~0.2 s with almost no overshoot. Moreover, the worst case settling time for ~500% change in the load resistance was around ~0.2 s with ~1 V of maximum overshoot.





4. Conclusions


The detailed design of a new output feedback controller for the dc-dc boost converter was presented. To this end, a controller structure satisfying the stability conditions was derived, and tuning guiding principles were given. The output voltage of the step-up converter was regulated directly despite the non-minimum phase dynamic response of the open-loop system. Moreover, the proposed controller avoids the possibility of saturation in the control signal as there is no chance of division by zero. Additionally, the closed-loop system has only one equilibrium point which is always stable. Simulation and experimental results also verify the output feedback controller’s ability to give robust response in the presence of parameter variations.
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Figure 1. Boost converter circuit. 
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Figure 2. Phase diagram of Equation (29) using      E  = 5    V   ,       V   d  = 15    V   ,     C  = 100    μ F   ,    K 1  = 0.08515  , and      K 2  = 0.03993  . 
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Figure 3. System simulation responses: (a) transient output response (solid line) and control signal (dotted line), (b) output response and inductor current waveform for change in the load resistance from   R = 220   Ω   to   R = 150   Ω   (and vice-versa), (c) output response and inductor current waveform for change in the load resistance from   R = 220   Ω   to   R = 330   Ω   (and vice-versa), and (d) output response and control signal waveform for change in the input voltage from   E = 5   V   to   E = 8   V   (and vice-versa). 
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Figure 4. Circuit diagram of the output feedback controller implementation. 
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Figure 5. System response: (a) transient output voltage response for    V d  = 15   V  , (b) output voltage response for change in the load resistance from   R = 220   Ω   to   R = 110   Ω     and vice versa, (c) output voltage response for change in the load resistance from   R = 220   Ω   to   R = 1020   Ω     and vice versa, and (d) output voltage response for change in the reference voltage from    V d  = 15   V   to    V d  = 10   V   and then back to    V d  = 15   V  . 
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