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Abstract: This paper presents the comparative study of dual-loop current-mode controllers to 

achieve the output voltage regulation of the positive output elementary Luo (POEL) 

converter. The POEL converter is a fourth order dc-dc boost converter developed using the 

voltage lift technique that gives a positive load voltage.  Two current-mode controllers, one 

using the input inductor current and one using the output inductor current, are studied. Both 

state-space and frequency response approaches are used in the study to obtain a better insight 

of the comparative study.  It is demonstrated that the controller using the input inductor 

current is more suitable for the regulation of the POEL converter. Experimental Results 

showing the features of the controller in the presence of load and reference voltage changes 

are also provided to validate the theoretical conclusions.   
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1      Introduction 

With the development of new technologies in various applications such as medical equipment 

design, renewable energy power systems, defense equipment, power supplies, etc, dc-dc 

converters with low ripples in the voltage and current, high efficiency and simple architecture 

are employed in order to achieve the precise output voltage regulation against parameter, line 

and load disturbances [1-3]. For example, the outputs of most of the renewable energy 

sources like solar arrays and fuel cells are very low and DC-DC converters are employed to 

connect to the grid or battery pack [4-6].  One of these converters is the positive output 

elementary Luo converters which are based on the voltage-lift technique [7-8]. As compared 

to the other topologies used in dc-dc conversion (step-up), Luo converters differs in the sense 

of constructional architecture which is of fourth order type architecture with a single active 

switch [9-11]. The other characteristic feature of the Luo converter is its reduced ripple in 

both output voltage and current as compared to the conventional boost converter [12-13].  

There have been some works done on the modelling and control of the POEL converter 

[14-15]. Most of them are on the sliding mode control of the converter. There are four 

variables in the fourth-order POEL converter. However, invariably, only the input inductor 

current and the output voltage were chosen for feedback purposes.  Why were they chosen is 

not explained. Since there are more variables to consider as compared to the conventional 

boost converter, the question is: Which are the suitable variables for feedback purposes? 

There has not been much study on this aspect when designing low-order controllers for high-

order converters. The controllers should be of low order for ease of design and 

implementation. This area is growing in importance as most boost converters providing wide 

conversion ratios are of higher-order and thus more difficult to control. 

The current-mode control has been widely used to regulate the output voltage of dc-dc 

converters. Basically it is a two-loop control using the inductor current in the inner-loop to 
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maximize the system bandwidth and using the output voltage in the outer loop to provide the 

reference value for the current loop. Its advantages over the traditional single-loop voltage 

mode control are improved dynamic performance, i.e., fast and robust output response as well 

as improved closed loop bandwidth [17-19]. While current-mode control has been applied to 

different types of converters for the regulation of the output voltage, for example [20-22], 

there are very few works reported (e.g., [16]) on the comparative study of current-mode 

controllers using different inductor currents for feedback purposes.  

In this paper, a comparative study of two current-mode controllers (using input and the 

output inductor currents) for the regulation of the POEL converter is presented.  To get a 

better insight in the study, both state-space and frequency response approaches were used. 

The comparative study in [16] for a fifth-order dc-dc boost converter shows that controller 

using the output inductor current is the most suitable for feedback purpose. However, in the 

present study, the controller using the input inductor current is the most suitable for 

regulating the POEL converter.  The results are borne out by numerical studies. 

The paper is organized as follows. Section 2 presents the average state-space model of the 

POEL converter and its equilibrium values. The analyses of the current-controlled system 

using the state-space and frequency response approaches are given in Sections 3 and 4, 

respectively.  The experimental results showing the features of the current-mode controller in 

the presence of load and reference voltage changes are given in section 5.  

 
2       Average model of the POEL converter  

Fig. 1 shows the circuit diagram of the POEL converter. The average state space model of 

the POEL converter operating in the continuous mode is described as follows [14, 15]: 

 

      
ௗప̇ಽభ
ௗ௧

=  − ଵି௞
௅భ
஼భݒ + ௞ா

௅భ
        (1) 
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ௗ௩಴భ
ௗ௧

=  ଵି௞
஼భ

݅௅భ −
௞
஼భ
݅௅మ                  (2) 

     
ௗప̇ಽమ
ௗ௧

=  ௞
௅మ
஼భݒ −

ଵ
௅మ
஼మݒ + ௞ா

௅మ
       (3) 

      ௗ௩೚
ௗ௧

=  ଵ
஼మ
݅௅మ −

ଵ
ோ஼మ

 ௢        (4)ݒ

where ଓ̇௅భ, ଓ̇௅మ, ݒ஼భand ݒ஼మ = ௢ݒ  are the average current of inductor ܮଵ, average current of 

inductor ܮଶ, average voltage of capacitor ܥଵ and average voltage of capacitor ܥଶ, 

respectively. The scalar ݇ denotes the duty ratio, where 0 ≤ ݇ ≤ 1.  From (1) – (4), the 

following equilibrium values are obtained: 

௅భܫ      =  ௏೚
మ

ோா
௅మܫ      , =  ௏೚

ோ
,       ஼ܸభ = ஼ܸమ = ௢ܸ,  ௏೚

ா
= ௄

ଵି௄
ܭ     ,  = ௏೚

ாା௏೚
  (5) 

where  ܫ௅భ,   ܫ௅మ,   ஼ܸభ,   ஼ܸమ =   ,݇ ௢ andݒ ,஼భݒ ,are the equilibrium values of ଓ̇௅భ, ଓ̇௅మ  ܭ  and  ݋ܸ

respectively.  If the desired value of ݒ௢ is ௗܸ, then 

௅భܫ      =  ௏೏
మ

ோா
௅మܫ        , =  ௏೏

ோ
,        ஼ܸభ = ௗܸ ,      ௏೏

ா
= ௄

ଵି௄
ܭ       ,  = ௏೏

ாା௏೏
   (6) 

The problem at hand is to find a suitable current mode controller to regulate the output 

voltage of the POEL converter in the presence of uncertain load. 

 
3     Comparison of controllers using state-space approach  

In this section, the current mode controllers using the input and output inductor currents 

are studied and compared.  The controller using the input inductor current will be studied first 

and then followed by the controller using the output inductor current.  

 
3.1   Controller using input inductor current 

The current mode controller using the input inductor current is described as: 

݇ = ܭ − ௉ଵܭ ቀ݅௅భ − ݅௅భೝ೐೑ቁ − ூଵܭ  −(߬)௢ݒ)∫ ௗܸ)݀߬                                     (7)                                                   

where  ܭ௉ଵ, ூଵܭ > 0.    Define the errors as follows: 
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         ݁ଵ  =  ݅௅భ −  ௏೏
మ

ோா
,        ݁ଶ = ஼భݒ  − ௗܸ ,     ݁ଷ  =  ݅௅మ −  ௏೏

ோ
,    ݁ସ = ௢ݒ  −  ௗܸ                      (8)                                                                               

Substituting (7) – (8) into (1) – (4) and using (6) yield the following set of equations: 

 ݁̇ଵ = −  ଵ
௅భ

 ቀ ா
௏೏ାா

+ ௉ଵ݁ଵܭ + ቁߪ  (݁ଶ +  ௗܸ) + ா
௅భ

 ቀ ௏೏
௏೏ାா

௉ଵ݁ଵܭ − −  ቁ                               (9)ߪ 

݁̇ଶ =  ଵ
஼భ

 ቀ ா
௏೏ାா

+ ௉ଵ݁ଵܭ + ቁߪ  ቀ݁ଵ +  ௏೏
మ

ோா
ቁ −  ଵ

஼భ
 ቀ ௏೏
௏೏ାா

௉ଵ݁ଵܭ − − ቁߪ  ቀ݁ଷ +  ௏೏
ோ
ቁ               (10) 

݁̇ଷ =  ଵ
௅మ

 ቀ ௏೏
௏೏ାா

− ௉ଵ݁ଵܭ − ቁߪ  (݁ଶ +  ௗܸ + (ܧ −  ଵ
௅మ

 (݁ସ + ௗܸ)                                            (11) 

݁̇ସ =  ଵ
஼మ

 ቀ݁ଷ + ௏೏
ோ
ቁ −  ଵ

ோ஼మ
 (݁ସ +  ௗܸ)                                                                                   (12) 

ߪ̇ =  ூଵ݁ସ                                                                                                                              (13)ܭ 

The unique equilibrium point of (9) – (13) is given by 

                             (݁ଵஶ, ݁ଶஶ, ݁௘ஶ, ݁ସஶ, ߪஶ) = ( 0, 0, 0, 0, 0 )                                            (14)                                                                            

Linearizing (9) – (13) about equilibrium point gives the following system [23]:  

ࢠ̇                                                                         =                                                                                (15)                                                                  ࢠࡹ 

where  ࢠ =   and ,்[ ହݖ  ସݖ   ଷݖ  ଶݖ  ଵݖ]

ଵݖ = ݁ଵ −  ݁ଵஶ,   ݖଶ = ݁ଶ −  ݁ଶஶ,   ݖଷ = ݁ଷ −  ݁ଷஶ,   ݖସ = ݁ସ −  ݁ସஶ,     ݖହ = ߪ −         ஶߪ 

ࡹ        =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ − ௄ುభ(௏೏ାா)

௅భ
− ா

௅భ(௏೏ାா)
0 0 − ௏೏ାா

௅భ
ா

஼భ(௏೏ାா)
+ ௄ುభ௏೏

ோ஼భ
ቀ௏೏
ா

+ 1ቁ 0 − ௏೏
஼భ(௏೏ାா)

 0 ௏೏
ோ஼భ

ቀ௏೏
ா

+ 1ቁ

− ௄ುభ(௏೏ାா)
௅మ

௏೏
௅మ(௏೏ାா)

0 − ଵ
௅మ

− (௏೏ାா)
௅మ

0 0 ଵ
஼మ

− ଵ
ோ஼మ

0
0 0 0 ூଵܭ 0 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 
The system (15) will be stable if the eigenvalues of  ࡹ, i.e., the roots of |ࡵݏ |ࡹ− = 0, where 

s is a complex variable, all lie in the open left-half complex plane. The root locus method can 

be used to analyze system stability [24].  This is illustrated as follows. 

Consider the POEL converter with following circuit parameter values: 

ܧ = 12ܸ,    ௗܸ = ଵܮ   ,18ܸ  = ,ܪ1݉ ଶܮ   = ,ܪ10݉  ଵܥ  = ,ܨߤ47 ଶܥ = ,ܨߤ100 ܴ = 22 Ω             
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The characteristic polynomial |ࡵݏ −  is thus given by |ࡹ

ࡵݏ| |ࡹ−   = ହݏ   + ௉ଵܭ30000)   + ସݏ (454.54  + (3.1 ×  10଻ܭ௉ଵ + 5.16 ×  10଺ ) ݏଷ   

                       + (7.62 × 10ଵ଴ܭ௉ଵ + 3 × 10଻ܭூଵ  + 1.89 × 10ଽ) ݏଶ + 

                        (3.48 × 10ଵଷܭ௉ଵ  − 2.61 × 10ଵ଴ܭூଵ  + 3.4 × 10ଵଶ) ݏ + 2.55  × 10ଵସܭூଵ 

Fig. 2a shows the root locus plot for ܭ௉ଵ = 0.08 ,   0 < ூଵܭ < 12 . The arrows show the poles 

are moving from  ܭூଵ = 0. The system is stable for all values of ܭூଵ in this range. 

 
3.2   Controller using output inductor current 

The controller using the output inductor current assumes the following form: 

       ݇ = ܭ − ௉ଶܭ ቀ݅௅మ −  ݅௅మೝ೐೑ቁ − ூଶܭ  −(߬)଴ݒ)∫ ௗܸ)  ݀߬                          (16)                                       

where  ܭ௉ଶ, < ூଶܭ 0 .  Substituting (8) and (16) into   (1) – (4) and   using (6) yields the 

following error dynamics:  

݁̇ଵ = −  ଵ
௅భ

 ቀ ா
௏೏ାா

+ ௉ଶ݁ଷܭ + ቁߪ  (݁ଶ +  ௗܸ) +  ா
௅భ

 ቀ ௏೏
௏೏ାா

௉ଶ݁ଷܭ − −  ቁ                              (17)ߪ 

݁̇ଶ =  ଵ
஼భ

 ቀ ா
௏೏ାா

+ ௉ଶ݁ଷܭ + ቁߪ  ቀ݁ଵ +  ௏೏
మ

ோா
ቁ −  ଵ

஼భ
 ቀ ௏೏
௏೏ାா

௉ଶ݁ଷܭ − − ቁߪ  ቀ݁ଷ +  ௏೏
ோ
ቁ                (18) 

 

݁̇ଷ =  ଵ
௅మ

 ቀ ௏೏
௏೏ାா

− ௉ଶ݁ଷܭ − ቁߪ  (݁ଶ +  ௗܸ + (ܧ −  ଵ
௅మ

 (݁ସ + ௗܸ)                                            (19) 

݁̇ସ =  ଵ
஼మ

 ቀ݁ଷ + ௏೏
ோ
ቁ −  ଵ

ோ஼మ
 (݁ସ +  ௗܸ)                                                                                   (20) 

ߪ̇ =  ூଶ݁ସ                                                                                                                              (21)ܭ 

The unique equilibrium point of (17) – (21) is  (݁ଵஶ, ݁ଶஶ, ݁௘ஶ, ݁ସஶ, ߪஶ) = ( 0, 0, 0, 0, 0 ). 

Linearization of (17) – (21) about this equilibrium point yields the system of the form: 

ࢠ̇                                                                       =                 (22)                             ࢠࡺ 

where  
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ࡺ =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ 0 −

ܧ
)ଵܮ ௗܸ + (ܧ −

)௉ଶܭ ௗܸ + (ܧ
ଵܮ

0 − ௗܸ + ܧ
ଵܮ

ܧ
)ଵܥ ௗܸ + (ܧ 0 − ௗܸ

)ଵܥ ௗܸ + (ܧ  +
௉ଶܭ ௗܸ

ଵܥܴ
൬ ௗܸ

ܧ + 1൰ 0 ௗܸ

ଵܥܴ
൬ ௗܸ

ܧ + 1൰

0 ௗܸ

)ଶܮ ௗܸ + (ܧ −
)௉ଶܭ ௗܸ + (ܧ

ଶܮ
−

1
ଶܮ

−
( ௗܸ + (ܧ

ଶܮ

0 0
1
ଶܥ

−
1
ଶܥܴ

0

0 0 0 ூଶܭ 0 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

 
For the same set of circuit parameter values that were used for the controller using the input 

inductor current, the characteristic polynomial |ࡵݏ −   :is given by |ࡺ

ࡵݏ|     − |ࡺ   = ହݏ   + ௉ଶܭ3000)  + ସݏ (454.54  + (5.17 × 10଺ −  1.24 ×  10଺ܭ௉ଶ ) ݏଷ + 

    (2.43 × 10ଵ଴ܭ௉ଶ + 3 × 10଻ܭூଶ  + 1.89 ×  10ଽ) ݏଶ + 

                            (1.16 × 10ଵଷܭ௉ଶ − 2.61 × 10ଵ଴ܭூଶ + 3.40 ×  10ଵଶ) ݏ + 2.55 ×  10ଵସܭூଶ 

Fig. 2b shows the root locus plot for ܭ௉ଶ = 0.08,    0 < ூଶܭ  < 12. It is seen that even for 

small values of  ܭூଶ, there are poles in the right-half complex plane, i.e., the system is 

unstable. As such, the controller using the input inductor current should be used. This 

confirms why it is the preferred variable for feedback purposes. 

 
4   Comparison of controllers using frequency response approach  

In section 3, the current-mode controllers using the input and output inductor currents 

were studied using the state-space approach.  In this section, the controllers are studied using 

another approach, the frequency response approach, to help give a better insight into the 

comparative study.  

 
4.1   Small Signal model and Transfer functions 

To facilitate the comparative study using the above approach, the small signal model is first 

derived for the POEL converter by linearizing (1) – (4) around the equilibrium values (6) and 

then introducing small ac perturbations. The model obtained is described as: 
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                                                ෥࢞ ̇ = ෥࢞ࢇ + ෤ݑ࢈ + ෨݇࢓                                                        (23a) 

෤ݕ                                                =  ෥࢞                                                                              (23b)ࢉ

where ෨݇  represents small signal variations in duty cycle k i.e. ݇ = ܭ + ෨݇  and ݔ෤  represents the 

small signal variations in state variables such that ෥࢞ = [ଓ̃௅భݒ෤௖ଵ ଓ̃௅మ ݒ෤௖ଶ ] and ݑ෤ =  .[ ෤௜௡ݒ ]

Matrices ࢓,࢈,ࢇ and ࢉ are given by 

ࢇ        =  

⎣
⎢
⎢
⎢
⎢
⎢
⎡0 − ௄ᇲ

௅భ
0 0

௄ᇲ

஼భ
0 − ௄

஼భ
0

0 ௄
௅మ

0 − ଵ
௅మ

0 0 ଵ
஼మ

− ଵ
ோ஼మ⎦

⎥
⎥
⎥
⎥
⎥
⎤

࢈  ,  =  

⎣
⎢
⎢
⎢
⎡
௄
௅భ
0
௄
௅మ
0 ⎦
⎥
⎥
⎥
⎤

࢓  ,  =  

⎣
⎢
⎢
⎢
⎢
⎡
௏಴భା ௏೔೙

௅భ

− ூಽభାூಽమ
஼భ

௏೎భା௏೔೙
௅మ
0 ⎦

⎥
⎥
⎥
⎥
⎤

= ࢉ  ,    ൥
1 0 0 0
0 0 1 0
0 0 0 1

൩   

where ܭᇱ = 1 and ஼ܸଵ ܭ− ,  ௅ଶ represent the steady-state values of the capacitorܫ  ௅ଵ  andܫ

voltage and the currents flowing in inductors L1 and L2, respectively. 

The transfer functions required can now be obtained easily from the state space model and 

are given as follows:  

(ݏ)ଵܩ                                =
ప̃ಽభ(௦)
௞෨ (௦)

=  
௤భ(ೞ)

௣(௦)
=  ௔బ௦య ା ௔భ ௦మ ା ௔మ௦ ା ௔య

௦రା ௗబ ௦య ା ௗభ ௦మ ା ௗమ ௦ ା ௗయ
               (24) 

(ݏ)ଶܩ                                =
ప̃ಽమ(௦)
௞෨ (௦)

=  ௤భ
ᇲ(௦)

௣(௦)
=  ௕బ௦య ା ௕భ ௦మ ା ௕మ௦ ା ௕య

௦రା ௗబ ௦య ା ௗభ ௦మ ା ௗమ ௦ ା ௗయ 
              (25) 

(ݏ)ଷܩ                                = ௩෤బ(௦)
௞෨ (௦)

=  ௤మ(௦)
௣(௦)

=   ௖భ ௦మ ା ௖మ௦ ା ௖య
௦రା ௗబ ௦య ା ௗభ ௦మ ା ௗమ ௦ ା ௗయ

                 (26) 

where the small ac perturbations are represented by “~” and 

ܽ଴ =  (ாା௏೏)
௅భ

,       ܽଵ =  (ଵି௄)(ூಽభା ூಽమ)
஼భ௅భ

+ (ாା௏೏)
஼మ௅భோ

,                                                                     

ܽଶ =  (ଵି௄)(ூಽభା ூಽమ)
஼భ஼మ௅భோ

+ (ாା௏೏)
௅భ௅మ

ቀ ଵ
஼మ

+ ௄
஼భ
ቁ ,    ܽଷ =  (ଵି௄)(ூಽభା ூಽమ)

஼భ஼మ௅భ௅మ
+ ௄(ாା௏೏)

஼భ஼మ௅భ௅మோ
 , 

ܾ଴ =  (ாା௏೏)
௅మ

,   ܾଵ = −  ௄൫ூಽభା ூಽమ൯
஼భ௅మ

+ (ாା௏೏)
஼మ௅మோ

,    ܾଶ =  −  ௄൫ூಽభା ூಽమ൯
஼భ஼మ௅మோ

+ (ாା௏೏)(ଵି௄)
஼భ௅భ௅మ

,                 (27) 

ܾଷ =  (ாା௏೏)(ଵି௄)
஼భ஼మ௅భ௅మோ

  ,       ܿଵ = (ாା௏೏)
஼మ௅మ

,       ܿଶ =  −  ௄൫ூಽభା ூಽమ൯
஼భ஼మ௅మ

,      ܿଷ =  (ாା௏೏)(ଵି௄)
஼భ஼మ௅భ௅మ

  , 
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݀଴ =  ଵ
஼మோ  

,      ݀ଵ =  (ଵି௄)మ

஼భ௅భ
+ ଵ

௅మ
ቀ ଵ
஼మ

+ ௄మ

஼భ
ቁ,     ݀ଶ =  (ଵି௄)మ

஼భ஼మ௅భோ
+ ௄మ

஼భ஼మ௅మோ
 ,                                  

݀ଷ = (ଵି௄)మ

஼భ஼మ௅భ௅మ
   

Using the same set of circuit parameter values that were used in Section 3, the following 

transfer functions are obtained: 

(ݏ)ଵܩ =
ప̃ಽభ(௦)
௞෨ (௦)

=
௤భ(ೞ)

௣(௦)
=  ଷ௫ଵ଴ర ௦య ା ଷ.ଵ଴ସ௫ଵ଴ళ ௦మ ା ଻.଺ଶଵ௫ଵ଴భబ ௦ ା ଷ.ସ଼ଶ௫ଵ଴భయ

௦ర ା ସହସ.ହ ௦య ା ହ.ଵ଻௫ଵ଴ల ௦మା ଵ.଼ଽ଺௫ଵ଴వ ௦ ା ଷ.ସ଴ସଶ௫ଵ଴భమ
          (28)                    

(ݏ)ଶܩ =
ప̃ಽమ(௦)
௞෨ (௦)

= ௤భᇲ(௦)
௣(௦)

 ଷ଴଴଴ ௦య ି ଵ.ଶସ଼௫ଵ଴ల ௦మ ା ଶ.ସଷସ௫ଵ଴భబ ௦ ା ଵ.ଵ଺ଵ௫ଵ଴భయ

௦ర ା ସହସ.ହ ௦య ା ହ.ଵ଻௫ଵ଴ల ௦మ ା ଵ.଼ଽ଺௫ଵ଴వ ௦ ା ଷ.ସ଴ସ௫ଵ଴భమ
            (29)                                         

(ݏ)ଷܩ = ௩෤బ(௦)
௞෨ (௦)

= ௤మ(௦)
௣(௦)

 ଷ௫ଵ଴ళ ௦మ ି ଶ.଺ଵଵ௫ଵ଴భబ ௦ ା ଶ.ହହଷ௫ଵ଴భర

 ௦ర ା ସହସ.ହ ௦య ା ହ.ଵ଻௫ଵ଴ల ௦మା ଵ.଼ଽ଺௫ଵ଴వ ௦ ା ଷ.ସ଴ସ௫ଵ଴భమ
                (30)                                               

It is seen that the transfer function ܩଷ(ݏ) has non-minimum phase characteristics due to the 

presence of zeros in the right-half complex plane (negative coefficient in the numerator). 

Thus, it becomes very difficult to design a controller for the regulation of the output voltage 

using a single loop since the resonance peak presents abrupt changes in the phase (see Fig. 

3a). The use of a multi-loop control scheme thus becomes necessary in order to minimize the 

effects of the resonance peak and to increase the bandwidth [25].  The multi-loop scheme is 

shown in Fig. 4.   

 
4.2   Controller design using input inductor current 

As mentioned earlier, the current loop is mainly designed to minimize the resonance peak 

present in ܩଷ(ݏ) = (ݏ)෤଴ݒ ෨݇(ݏ)⁄ . After introducing the current controller ܩ௖(ݏ) =  ௉ in theܭ 

controller scheme shown in Fig. 4, the transfer function ܩ௜௖(ݏ) (ݏ)෥0ݒ = ሚ݅(ݏ)݂݁ݎ1ܮൗ  is given 

by (see Fig. 4) 

(ݏ)௜௖ܩ                                             = ௩෤బ(௦)
ప̃ಽభೝ೐೑(௦)

=   
భ
ೇ೛

(ݏ)1ܩ∗(ݏ)ܿܩ∗

ଵା భ
ೇ೛

ܰ∗(ݏ)1ܩ∗(ݏ)ܿܩ∗
∗ (ݏ)3ܩ
(ݏ)1ܩ

                    (31) 

From (24) and (26) and Fig. 4, ܩ௜௖(ݏ) can be obtained as 
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(ݏ)௜௖ܩ                            = ௩෤బ(௦)
ప̃ಽభೝ೐೑(௦)

=  ଵ
௏೛

 ௄ು௤మ(௦)
௣(௦)ା௄ು(ே ௏೛)௤భ(௦)⁄                                       (32) 

where 1/ ௣ܸ is the transfer function of the PWM modulation circuit. The corresponding 

characteristic equation is given by 

(ݏ)݌                                             + ௉ܭ (ܰ ௣ܸ)ݍଵ(ݏ)⁄ =  0                                                (33) 

The current loop controller is designed to localize the low-frequency dominant pole of the 

characteristic polynomial at a typical value of  ݏଵ௙ =  Thus, the required value of .(ଶܥܴ)/3−

N can now be obtained using  

                                          ܰ =  ௣
(௦)௏೛

௄ು௤భ(௦)
ቚ
௦ୀି య

ೃ಴మ

                                  (34) 

For ܭ௉ = 0.055 and ௣ܸ = 1.5 ܸ, the value of N obtained is 4. The resulting transfer function 

(ݏ)௜௖ܩ (ݏ)෤଴ݒ = ଓ̃௅ଵ௥௘௙(ݏ)⁄  is given by 

(ݏ)௜௖ܩ               = 
௩෤బ(௦)

ప̃ಽభೝ೐೑(௦)
=   ଵ.ଵ௫ଵ଴ల (௦మ ି ଼଻଴.ସ௦ ା ଼.ହଵ௫ଵ଴ల)

(௦ାଵଷଷଽ) (௦ାଶହଶ଺) (௦మା ଽ଼ଽ.଻௦ ା ଶ.ହଵ଻௫ଵ଴ల)
          (35) 

The Bode plots of ܩଷ(ݏ) and ܩ௜௖(ݏ) are shown in Fig. 3a. It should be noted that in the design 

the controller for the voltage loop (see Fig. 4), ܩ௜௖(ݏ) is nothing but the open-loop plant. Thus 

when the current loop with input inductor current is introduced, the resonance peak in the low 

frequency region is not present in ݒ෤଴(ݏ) ଓ̃௅ଵ௥௘௙(ݏ)⁄ , which in the design of the voltage loop is 

the open-loop transfer function. This simplifies the design of the voltage loop. 

Next, the conventional PI controller for the voltage loop is considered: 

(ݏ)௩ܩ        = ௣௩ܭ  + ௄಺ೡ
௦

                                                              (36) 

It is designed with the objective of getting a high gain at the low frequency region to improve 

the steady-state error performance and to get an overall positive phase margin.  For ܭ௣௩ =

ூ௩ܭ ,0.09 = 300 and feedback gain ܭ௛ = 0.5, the PI controller is given by  

(ݏ)௩ܩ                                                          =  ଴.଴ଽ ௦ ା ଷ଴଴
௦

                                                       (37) 



11 
 

 ௛ and the value ofܭ ௣௩ is designed together with the voltage divider network with gainܭ

 .௛ is chosen such that the resonance peak at the high frequency region is below 0 dBܭ௣௩ܭ

The Bode plot of the resulting loop gain ܩ௅(ݏ) (PI controller, voltage divider network 

and ܩ௜௖(ݏ)) is shown in Fig. 3b.   The phase margin achieved is about 77°.   

 
4.3   Controller design using output inductor current 

As in the case of input inductor current feedback, the value of ܭ௉ is fixed at 0.055 and then 

the value of N is obtained to localize the low-frequency dominant pole of the characteristic 

polynomial at a typical value of  ݏଵ௙ =  Thus, N can be obtained using (34) as .(ଶܥܴ)/3−

                                                          ܰ =  ௣(௦)௏೛
௄ು௤భᇲ(௦)

ቚ
௦ୀି య

ೃ಴మ

                                              (38) 

For ܭ௉ = 0.055 and ௣ܸ = 1.5 ܸ, the value of N obtained is 11.  

Now, the resulting transfer function ܩ௜௖ଵ(ݏ) (ݏ)෤଴ݒ = ଓ̃௅ଶ௥௘௙(ݏ)⁄  in the case of output inductor 

current feedback is given as 

(ݏ)௜௖ଵܩ                 = ௩෤బ(௦)
ప̃ಽమೝ೐೑(௦)

=
భ
ೇ೛

(ݏ)2ܩ∗(ݏ)ܿܩ∗

ଵା భ
ೇ೛

ܰ∗(ݏ)2ܩ∗(ݏ)ܿܩ∗
∗ (ݏ)3ܩ
(ݏ)2ܩ

= ଵ
௏೛

 ௄೛௤మ(௦)
௣(௦)ା௄೛(ே ௏೛)௤భᇲ(௦)⁄           

                                          =   ଵ.ଵ௫ଵ଴ల (௦మ ି ଼଻଴.ସ௦ ା ଼.ହଵଵ௫ଵ଴ల)
 (௦ାଵଷସଽ) (௦ାଵଵହଶ) (௦మ ି ଼ଷ଺.ଵ௦ ା ହ.ଶ଴ସ௫ଵ଴ల)

          (39) 

Note that one of the denominator polynomials of the transfer function, viz., ݏଶ  − + ݏ836.1 

 10଺ has a negative coefficient.  Thus, the addition of the current loop using the outputݔ5.204 

inductor current leads to an unstable transfer function ܩ௜௖ଵ(ݏ).  However, it is interesting to 

note that this instability is not easily observed from the Bode plot as the roots (non-minimum 

phase zeroes) of the numerator polynomial ݏଶ − + ݏ870.4   10଺ are almost cancelledݔ8.511 

by the unstable roots of the denominator polynomial   ݏଶ  − + ݏ836.1   .10଺ (see Figݔ5.204 

5).  But, the system is unstable due to the inexact cancellation of unstable poles from the 
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denominator polynomial. Changing the values of N and ܭ௣ does not change the situation and 

as such it is very difficult to use the output inductor current feedback to get a stable first-

order like single dominant pole transfer function ݒ෤଴(ݏ) ଓ̃௅ଶ௥௘௙(ݏ)⁄ . 

The next thing is to investigate whether the current integral control given by (ݏ)ܭ = ௉ܭ +

 ,will change the situation.  Previously, for the output inductor current feedback case ݏ/ூܭ

(ݏ)௖ܩ = ௉ܭ   has been used and it resulted in an unstable transfer function. Now, for the input 

inductor current feedback case, when a current integral action of the form (ݏ)ܭ = ௉ܭ +  ݏ/ூܭ

is introduced instead of ܩ௖(ݏ) = ௉ܭ , the transfer function ܩ௜௖ଶ(ݏ) obtained is given by 

(ݏ)௜௖ଶܩ                                = (ݏ)෥0ݒ
ሚ݅(ݏ)݂݁ݎ1ܮ =  1

݌ܸ
 

2ݍ(ܫܭ+ݏ݌ܭ)
(ݏ)

ܰ)(ܫܭ+ݏ݌ܭ)+ݏ(ݏ)݌ ௤భ(௦)ൗ(݌ܸ
                    (40) 

The value of N to localize the low-frequency dominant pole of the characteristic polynomial 

at a typical value of  ݏଵ௙ =  is obtained as (ଶܥܴ)/3−

                                      ܰ =  ௣(௦)∗௦∗௏೛
(௄೛௦ା௄಺)௤భ(௦)

ฬ
௦ୀି య

ೃ಴మ

                                                             (41) 

For ܭ௉ = 0.05 and ܭூ = 10, the value of N obtained is 4.5 and the resulting transfer function 

(ݏ)௜௖ଶܩ (ݏ)෤଴ݒ = ଓ̃௅ଵ௥௘௙(ݏ) ⁄ is given by 

(ݏ)௜௖ଶܩ         = (106×8.51 + ݏ870.3 − 2ݏ) (200+ݏ)  106×1 
(106×2.38 + ݏ998.3 +2ݏ)(106×3.9 + ݏ3846 +2ݏ)  (110.4+ݏ) 

                 (42) 

 The Bode plots of ܩ௜௖ଶ(ݏ) are shown in Fig. 6. The stable transfer function with no 

resonance peak in the low frequency region is obtained which simplifies the design of the 

voltage loop. Thus, for both types of controllers (with and without integral action), input 

inductor current can be suitably used in feedback to achieve the advantages offered by 

current-mode control schemes.  

However, for the case of the output inductor current feedback, when the PI controller of 

the form (ݏ)ܭ = ௉ܭ +   is given by (ݏ)௜௖ଷܩ is introduced, the transfer function ݏ/ூܭ
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(ݏ)௜௖ଷܩ                                = (ݏ)෥0ݒ
ሚ݅(ݏ)݂݁ݎ2ܮ =  1

݌ܸ
 

2ݍ(ܫܭ+ݏ݌ܭ)
(ݏ)

ܰ)(ܫܭ+ݏ݌ܭ)+ݏ(ݏ)݌ 1ݍ(݌ܸ
ൗ(ݏ)′

                   (43) 

The value of N to localize the low-frequency dominant pole of the characteristic polynomial 

at a typical value of  ݏଵ௙ =  is obtained as (ଶܥܴ)/3−

                                          ܰ =  ௣(௦)∗௦∗௏೛
(௄೛௦ା௄಺)௤భᇲ(௦)

ฬ
௦ୀି య

ೃ಴మ

                                                     (44) 

For ܭ௉ = 0.05 and ܭூ = 10, the value of N obtained using (44) is 12, and the resulting 

transfer function ܩ௜௖ଷ(ݏ) (ݏ)෤଴ݒ = ଓ̃௅ଶ௥௘௙(ݏ) ⁄ is given by 

(ݏ)௜௖ଷܩ                 = (106×8.51 + ݏ870.3 − 2ݏ) (200+ݏ)  107×1 
(106×5.16 + ݏ876.9−2ݏ)(106×1.7 + ݏ2426 +2ݏ)  (105.1+ݏ) 

           (45) 

It is noted that the same unstable pole-zero cancellation is present in the transfer function 

when the PI controller is designed using the output inductor current for the inner loop.  Thus, 

this again results in an unstable system. The inexact pole-zero cancellation happens for a 

wide range of values for ܭ௣ and ܭூ.  As such, it is very difficult to design the required 

controller using the output inductor current.  

 
4.4   Further comments 

Similar comparison of current mode controllers can be performed for other higher order 

converters like the cascade boost, Cuk, SEPIC and zeta converters to find the most suitable 

inductor current for feedback purposes. The main point to note when developing these 

controllers is to use only the output voltage and one inductor current for feedback. Further 

procedure for comparison of the controllers follows the approach described in sections 2, 3 

and 4. To avoid repetition, this will not be covered in this paper. Secondly, it is also 

important to note that the scope of this paper is limited to the CCM operation. For the DCM 

case, the approach of comparison will be same, but the state space model and transfer 

functions will be different.  
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5     Experimental Results 

A laboratory prototype of the POEL converter was built to validate the results for the 

current-mode controllers. Eq. (7) is implemented using simple analog components. The 

following circuit parameter values were used for experimental work: 

ܧ = ଵܮ   ,5ܸ = ,ܪ1݉ ଶܮ    = ,ܪ10݉  ଵܥ    = ଶܥ   ,ܨߤ47 =  ܨߤ100

The switching frequency used was 20 kHz and ௣ܸ = 1 ܸ. No filtering of signals was carried 

out.  

     Fig. 7(a) shows the output response of the converter when a step reference voltage ௗܸ =

6 ܸ was applied. Here, ܭ௣ଵ = 0.07 and ܭூଵ = 3.3 were used.  Fig. 7(b) shows the output 

response when reference is changed back to 0V. Fig. 7(c) shows the output response in the 

presence of a load change from ܴ = 1݇Ω  to ܴ = 666 Ω (33.3 % reduction) and then back 

to ܴ = 1݇Ω. An overshoot of approximately 0.4V and a settling time of around 400 ms is 

observed. Fig. 7(d) shows the output response in the presence of a load change from ܴ =

1݇Ω  to ܴ = 500Ω (50 % reduction) and then back to ܴ = 1݇Ω . A comparatively high 

overshoot (of approx. 0.8V) is observed with small steady state error of approximately 0.2 V. 

Such deviation from the ideal behavior is expected since the current-mode controller is 

designed using the linearized model of the POEL converter which is valid only in the 

neighborhood of specific operating point. This is the limitation of the paper.              

       Next, the variation in the output response for various values of controller gain is studied.   

Fig. 8(a) shows the transient output response for ܭ௣ଵ = 0.03 and ܭூଵ = 0.7. An overshoot of 

approximately 0.6 V is observed and the settling of 200 ms is obtained.  Figs. 8(b) to 8(d) 

shows the output voltage response for a load change from ܴ = 1݇Ω  to ܴ = 666 Ω  and then 

back to ܴ = 1݇Ω for ܭூଵ = 4 , 3.32 and 2.3 respectively and using ܭ௣ଵ = 0.07. Steady state 

control signal to the gate terminal of the MOSFET is shown in Fig. 9.   All these results show 
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that the controller using the input inductor current is suitable for the regulation of the POEL 

converter. 

 
6    Conclusions 

This paper has presented a comparative study of current-mode controllers for the POEL 

converter using the input and output inductor currents. Both the state-space and frequency 

response approaches were used to gain a better insight into the comparative study. From the 

results, it is seen that the controller using the output inductor current is not a very good choice 

for feedback purposes. It appears that in the state-space case, even for small controller gains, 

the closed-loop system is unstable, whereas in the frequency response case, the incorporation 

of a current loop using the output inductor current leads to unstable pole-zero cancellations. It 

is also shown that such instability is not easily observed from the Bode plot. On the other 

hand, it is also shown that the two types of stable controllers implemented (with and without 

integral action) using the input inductor current for feedback provides a wide range of 

controller parameters for tuning.  This resulted in the elimination of the resonance peak and 

thus increasing the system bandwidth. As such the input inductor current is found to be more 

suitable for feedback purposes. 
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       Fig. 1    Circuit diagram of the POEL converter 

 

        

                                 (a)                                                                           (b) 
Fig. 2   Root locus plot for ܭ௉ଵ = 0.08 ,   0 < ூଵܭ < 12 

(a).using input inductor current feedback (b). using output inductor current feedback                                           
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                                (a)                                                                         (b) 

Fig. 3    Bode plots using input inductor current feedback 
(a). Bode plots of  ܩଷ(ݏ) (dotted) and ܩ௜௖(ݏ)  (Solid)           
(b). Bode plot of loop gain ܩ௅(ݏ)  

        

                                                   Fig. 4   Multi-loop controller scheme 

      
Fig. 5   Bode plot of ܩ௜௖ଵ(ݏ)                                         Fig. 6   Bode plot of loop gain ܩ௜௖ଶ(ݏ)                        
(using output inductor current feedback)                      (using input inductor current feedback) 
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  2 V/div, 200 ms/div                                                    2 V/div, 500 ms/div                  

                              (a)                                                                           (c)        
           

                
                       2 V/div, 500 ms/div                                                    2 V/div, 500 ms/div                                
                                   (b)                                                                               (d)     
 

Fig. 7    System response using ܭ௣ଵ = 0.07 and ܭூଵ = 3.3 
             (a). Transient Output response (0 to 5 V) 
             (b). Transient Output response (5 to 0 V) 

(c). Output response in the presence of load change (ܴ = 1݇Ω to ܴ = 666 Ω) 
(d). Output response in the presence of load change (ܴ = 1݇Ω to ܴ = 500 Ω) 
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  2 V/div, 500 ms/div                                                 2 V/div, 500 ms/div                  
                             (a)                                                                            (c)   
           

                 
                         2 V/div, 500 ms/div                                                2 V/div, 500 ms/div                                                                  
                                  (b)                                                                             (d) 

Fig. 8    System response using different values of controller gains 
(a). Transient Output response ( ܭ௣ଵ = ூଵܭ ,0.03 = 0.7)  
(b). Output response using load change (ܴ = 1݇Ω to ܴ = 666 Ω for ܭூଵ = ௣ଵܭ ,4 = 0.07) 
(c). Output response using load change (ܴ = 1݇Ω to ܴ = 666 Ω for ܭூଵ = ௣ଵܭ,3.3 = 0.07) 
(c). Output response using load change (ܴ = 1݇Ω to ܴ = 666 Ω for ܭூଵ = ௣ଵܭ,2.3 = 0.07) 
 

 
                                                                 2 V/div, 50 us/div                                               
 

Fig. 9   Steady state control signal to the gate terminal of the MOSFET 
 


