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Abstract 

 

The conduction modes of the quadratic boost converter are explored in the context of high DC 

gain applications. A complete analytical description of the steady-state behavior of the converter 

operating in four possible inductor current discontinuous conduction modes is presented.  

Boundaries between modes are determined together with the corresponding transitions. The 

study covers the operation of the converter using a pulse width modulator (PWM) for constant 

switching frequency, and employing a hysteresis comparator for variable switching frequency. 

Both cases are analyzed for the same set of converter parameters and different constant resistive 

loads, while the converter is fed by a low DC voltage ranging from 20 to 30 VDC. Several 

simulations are used to verify both waveforms and average values of the theoretical predictions. 

Experimental results in a 60 W prototype are in good agreement with the theoretical predictions, 

and efficiency measurements reveal that one of the discontinuous conduction modes can 

compete with the continuous conduction mode in high DC gain applications. 
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I. INTRODUCTION 

The interest for discontinuous conduction mode operation (DCM) in DC-DC converters 

goes back in time to the early years of modern power electronics in the beginning of 1970’s. 

Although  the development of computer programs for simulating DC-DC switching 

converters  prompted  many researchers to study DCM  operation in a unified way [1]-[5],  

the industrial applications of DCM in all these years have been relatively marginal in 

comparison with the dominant operation in continuous conduction mode (CCM). Although 

quantitatively minor in applications, DCM is qualitatively preponderant in several important 

fields. Thus, it plays a significant role in the development of  Power Factor Correction (PFC) 

rectifiers [6]-[10], and its use has been extended more recently to applications with 

microinverters [11]-[12], fuel- cells and battery storage [13]-[14], and also to electric vehicles 

[15]-[16]. A consequence of this revival has been a renovated interest for understanding  both  

steady- state and dynamics of converters operating in discontinuous conduction mode, this 

originating additional generalized works [17]-[20]. Moreover, the development of advanced 

digital devices in the last decade has stimulated both discrete -time modeling [21]-[22] and 

digital implementation of converters operating in DCM  [23]-[27]. All these works besides 

having allowed a better understanding of DC-DC converter features in DCM, they have also 

contributed to improve the converter performances in this conduction mode. It is recognized a 

reduction of size in components, a decrease of the switching losses and an increment in the 

speed of response. These advantages counterbalance in a great extent the drawbacks 

associated with higher current ripples and conduction losses. 

The analysis of the discontinuous conduction mode in converters using Pulse Width 

Modulation (PWM) ,i.e. operating with constant  switching frequency , has been solved for 

the second order converters buck, boost and buck-boost [28]-[32], and also for four order 

converters such Cûk and SEPIC [33]-[34]. More complex topologies of isolated [35]-[36] and 

interleaved converters [37]-[39] have been also studied in DCM operation.  It is worth noting 

that the increase in the order of the converter can lead in DCM to a sequence of topological 

structures, which can be only disclosed after a dedicated analysis rather than after a more 

general approach [40].   

The properties of DC-DC switching converters are interesting not only in CCM or DCM 

but also in the boundary between these two modes. In fact, a way to preserve the advantages 

of both modes consists in working in the Boundary Conduction Mode (BCM) [41]-[43]. 

However, this implies an additional study in terms of modelling and supplementary control 

functions detecting that mode [44].  
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As it is shown in [45], the boost converter in DCM exhibits a higher DC-gain with lower 

values of the duty cycle. Searching similar phenomena in other boost- derived converter 

topologies (i.e. quadratic boost, cubic boost and n-th boost converters [46]- [47]) can be 

useful for engineers in view of some recent developments of power distributed systems with 

high DC voltage levels (380 - 400 VDC) [48]-[49]. 

The quadratic boost converter stirs up a special interest because it combines a transformer-

less topology of only one-controlled switch with a very high DC gain. Further, as shown in 

[50]-[51], this feature is especially attractive when the converter in CCM is controlled through 

a hysteresis modulator due to the possibility of working with very high values of the duty 

cycle avoiding modulator saturation.  

The main goal of this paper is to explore the behavior of the quadratic boost in DCM high-

gain operation by studying all possible modes and the transitions among them in order to 

eventually assess its potential applications. Thus, the steady -state analysis for constant 

switching frequency reveals the existence of three different DCM modes with higher DC-gain 

than that of CCM. The analysis for variable switching frequency reveals that only one of the 

previous modes can be attained when a hysteresis modulator is employed.  

The rest of the paper is organized as follows: the study of circuit configurations and a 

general description of the converter are shown in section II. The expressions relating the 

converter variables, static gain function and boundary conditions for constant switching 

frequency operation are derived in chapter III. The study of DCM when the converter operates 

with variable switching frequency is presented in chapter IV. The theoretical predictions for 

both constant and variable switching frequency operation are verified by means of simulation 

in chapter V and by experimental results in chapter VI. Finally, conclusions of the work are 

given in chapter VII. 

 

II. CIRCUIT CONFIGURATIONS AND DISCONTINUOUS CONDUCTION MODES 

 

As it is shown in figure 1, the quadratic boost converter has five possible structures, namely  

those of figures 1a and 1b corresponding to a continuous conduction mode, and three 

additional topologies which, in conjugation with the first two ones, describe respectively  

three possible discontinuous conduction modes. Two of these structures are attained when 

only one inductor current, either 𝐿1 or 𝐿2 , reaches zero before a switching period is finished, 

thus originating the DCL1 state shown in figure 1c (Discontinuous Conduction on 

inductor 𝐿1) or the DCL2 state shown in figure 1d (Discontinuous Conduction on inductor 𝐿2) 



 4 

respectively. The last structure shown in figure 1e is found when the current of both inductors 

reaches the zero value before a switching period is finished (DCL12 state). 

 

 

Fig.1. Circuit configurations of quadratic boost converter: a) on-state; b) off-state: c) DCL1-state; d) DCL2-state; and, e) 

DCL12-state. 

 

From the above description, the quadratic boost converter can be modeled as a variable 

structure system which commutes between two, three or four structures during a switching 

period (𝑇𝑠 = 1/𝑓𝑠) originating one of its different conduction modes. The five possible 

conduction modes are depicted in figure 2. As shown in figure 2b, if the structure of the 

system changes from the off-state to the on-state at the start of the switching period and from 

the on-state to the off-state when the interval defined by the duty cycle of the control signal is 

finished, then the converter operates in CCM. On the other hand, in the conduction modes 

DCL1 and DCL2, shown in figures 2c and 2d respectively, the converter changes from the 

off-state to either DCL1-state or DCL2-state and after that returns to the on-state at the 

beginning of a new switching period. Additionally, as shown in figures 2e and 2f, the 

converter can operate in either mode DCL12, i.e. arriving to DCL12-state from DCL1-state, 

or in the mode DCL21 arriving to DCL12-state from DCL2-state. The difference between 

these two last modes is the state that is firstly attained after the off-state. 
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Fig. 2. Event diagram of the quadratic boost converter conduction modes: a) general representations of states and transitions, 

b) CCM mode, c) DCL1 mode, d) DCL2 mode, e) DCL12 mode, f) DCL21 mode. 

 

 

For a given set of parameters of a converter with a PWM- based control system, the five 

modes can be always attained depending in each case on input and output conditions. 

However, if a hysteresis- based controller is used, then not all of the states will be reachable.  

Figure 3 shows the possible states and transitions for a quadratic boost converter controlled 

from the input inductor current using a hysteresis- based modulator with a current reference 

𝐼𝑟𝑒𝑓 and a hysteresis band of 2Δ. 

 

 

Fig. 3. Event diagram of the quadratic boost converter using a hysteresis comparator. 
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In this case, if the converter is in on-state, the change to off-state will depend on the 

instantaneous value of the input inductor current. In off-state, the converter can change to 

either on-state or DCL2-state. In turn, in DCL2-state, the converter can only change to on-

state provided the input inductor is externally forced to remain in continuous conduction 

mode. However, to operate in this way and preserve the continuous conduction on the input 

inductor current, it is required that 𝐼𝑟𝑒𝑓 > ∆ and also that ∆ be sufficiently small. 

 From the above description, four different conduction modes are defined: CCM, DCL1, 

DCL2 and DCL12. Their dynamic behavior is defined by the corresponding set of differential 

equations summarized in Table I, which is associated to each circuit diagram in figure 2. 

 

TABLE I 

Set of differential equations of the converter states 
 ON-State OFF-State DCL1-State DCL2-State DCL12-State 

𝑣𝐿1 = 𝐿1  
𝑑𝑖𝐿1
𝑑𝑡

 𝑣𝑖𝑛 𝑣𝑖𝑛 − 𝑣𝐶1 0 𝑣𝑖𝑛 − 𝑣𝐶1 0 

𝑣𝐿2 = 𝐿2  
𝑑𝑖𝐿2
𝑑𝑡

 𝑣𝐶1 𝑣𝐶1 − 𝑣𝐶2 𝑣𝐶1 − 𝑣𝐶2 0 0 

𝑖𝐶1 = 𝐶1  
𝑑𝑣𝐶1
𝑑𝑡

 −𝑖𝐿2 𝑖𝐿1 − 𝑖𝐿2 −𝑖𝐿2 𝑖𝐿1 0 

𝑖𝐶2 = 𝐶2  
𝑑𝑣𝐶2
𝑑𝑡

 −
𝑣𝐶2
𝑅

 𝑖𝐿2 −
𝑣𝐶2
𝑅

 𝑖𝐿2 −
𝑣𝐶2
𝑅

 −
𝑣𝐶2
𝑅

 −
𝑣𝐶2
𝑅

 

 

From the equations in Table I, a compact representation can be obtained using the following 

multi-linear expression 

 

𝑑𝑖𝐿1
𝑑𝑡

=
𝑣𝑖𝑛
𝐿1 
(1 − 𝑢1) −

𝑣𝐶1
𝐿1 
(1 − 𝑢 − 𝑢1) 

𝑑𝑖𝐿2
𝑑𝑡

=
𝑣𝐶1
𝐿2 
(1 − 𝑢2) −

𝑣𝐶2
𝐿2
(1 − 𝑢 − 𝑢2) 

𝑑𝑣𝐶1
𝑑𝑡

= −
𝑖𝐿2
𝐶1
(1 − 𝑢2) +

𝑖𝐿1
𝐶1
(1 − 𝑢 − 𝑢2) 

𝑑𝑣𝐶2
𝑑𝑡

=
𝑖𝐿2
𝐶2
(1 − 𝑢 − 𝑢2) −

𝑣𝐶2
𝑅𝐶2

 

 

(1) 

where 𝑢 is the control signal of the controlled switch, and  𝑢1 and 𝑢2 model respectively  the 

existence of DCL1 and  DCL2. Variable 𝑢1 takes the value 1 when the converter operates in 

DCL1, and the variable 𝑢2 takes the value 1 when the converter operates in the mode DCL2. 

In mode DCL12, both 𝑢1 and 𝑢2 take the value 1.Otherwise, both 𝑢1 and 𝑢2 take the value 0. 



 7 

III. STEADY-STATE OF THE CONVERTER FOR CONSTANT SWITCHING FREQUENCY 

From (1), it can be deduced the static gain of the converter as a function of either duty cycle 

(CCM) or duty cycle and output load (DCL1, DCL2 and DCL12 modes). It is also possible to 

obtain the static relations between the average values of either capacitor voltages and input 

voltage or inductor currents and load current. The mean values of the converter variables in 

steady-state will be represented by the notation 〈∙〉, while the control signal u will be 

substituted by its average value U. 

 

A. Converter operating in CCM 

 

From the expressions listed in Table I, the energy balance in a switching period in inductors 

and capacitors in steady-state is the following 

 

〈𝑣𝐿1〉 =
〈𝑣𝑖𝑛〉𝑈𝑇𝑠 + (〈𝑣𝑖𝑛〉 − 〈𝑣𝐶1〉)(1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(2) 

〈𝑣𝐿2〉 =
〈𝑣𝐶1〉𝑈𝑇𝑠 + (〈𝑣𝐶1〉 − 〈𝑣𝐶2〉)(1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(3) 

〈𝑖𝐶1〉 =
−〈𝑖𝐿2〉𝑈𝑇𝑠 + (−〈𝑖𝐿2〉 + 〈𝑖𝐿1〉)(1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(4) 

〈𝑖𝐶2〉 =
−
〈𝑣𝐶2〉
𝑅 𝑈𝑇𝑠 + (〈𝑖𝐿2〉 −

〈𝑣𝐶2〉
𝑅 ) (1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(5) 

 

Denoting 𝑉𝑖𝑛 = 〈𝑣𝑖𝑛〉, the mean values of the converter variables are given by 

 

〈𝑖𝐿1〉 = 𝐼𝐿1 =
𝑉𝑖𝑛

𝑅(1 − 𝑈)4
 (6) 

〈𝑖𝐿2〉 = 𝐼𝐿2 =
𝑉𝑖𝑛

𝑅(1 − 𝑈)3
 (7) 

〈𝑣𝐶1〉 = 𝑉𝐶1 =
𝑉𝑖𝑛

(1 − 𝑈)
 (8) 

〈𝑣𝐶2〉 = 𝑉𝐶2 =
𝑉𝑖𝑛

(1 − 𝑈)2
 (9) 

 

Hence, the ideal static gain of the converter will be expressed as  

 

 



 8 

𝑀𝐶𝐶𝑀(𝑈) =
𝑉𝐶2
𝑉𝑖𝑛

=
1

(1 − 𝑈)2
 (10) 

 

B. Converter operating in DCL1 mode 

 

Similarly, energy balance in 𝐿1, 𝐿2 and 𝐶2 implies 

 

〈𝑣𝐿1〉 =
〈𝑣𝑖𝑛〉𝑈𝑇𝑠 + (〈𝑣𝑖𝑛〉 − 〈𝑣𝐶1〉)𝑈1𝑇𝑠

𝑇𝑠
= 0 

(11) 

〈𝑣𝐿2〉 =
〈𝑣𝐶1〉𝑈𝑇𝑠 + (〈𝑣𝐶1〉 − 〈𝑣𝐶2〉)(1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(12) 

〈𝑖𝐶2〉 =
−
〈𝑣𝐶2〉
𝑅 𝑈𝑇𝑠 + (〈𝑖𝐿2〉 −

〈𝑣𝐶2〉
𝑅 ) (1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(13) 

 

By solving (11), (12) and (13), the steady-state expressions for 𝑣𝐶1, 𝑣𝐶2 and 𝑖𝐿2 are obtained. 

 

〈𝑣𝐶1〉 = 𝑉𝐶1 =
〈𝑣𝑖𝑛〉(𝑈 + 𝑈1)

𝑈1
 (14) 

〈𝑣𝐶2〉 = 𝑉𝐶2 =
〈𝑣𝑖𝑛〉(𝑈 + 𝑈1)

𝑈1(1 − 𝑈)
 (15) 

〈𝑖𝐿2〉 = 𝐼𝐿2 =
〈𝑣𝐶2〉

𝑅(1 − 𝑈)
 (16) 

 

The average value of 𝑖𝐿1 can be obtained from the current waveform shown in figure 4.  The 

height of the triangle is defined by the maximum value of 𝑖𝐿1, which is denoted as 𝐼𝐿1𝑚𝑎𝑥 

whereas the base is defined by the time interval (𝑈 + 𝑈1)𝑇𝑠. 

 

 

Fig. 4. Current waveform of the inductor L1 when the converter operates in DCL1 mode. 
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The value of 𝐼𝐿1𝑚𝑎𝑥 can be obtained using the slope of the inductor current in the on-state as 

follows 

 

𝐼𝐿1𝑚𝑎𝑥 = (
〈𝑣𝑖𝑛〉

𝐿1
)𝑈𝑇𝑠 

 

(17) 

Then, we have 

 

〈𝑖𝐿1〉 =
〈𝑣𝑖𝑛〉𝑈(𝑈 + 𝑈1)

2𝐿1𝑓𝑠
 (18) 

 

Therefore, the charge balance in 𝐶1 leads to 

 

〈𝑖𝐶1〉 =
−〈𝑖𝐿2〉𝑇𝑠 + 𝑄𝐿1𝑂𝐹𝐹

𝑇𝑠
= 0 

 

(19) 

where 𝑄𝐿1𝑂𝐹𝐹 represents the charge given by inductor 𝐿1 to capacitor 𝐶1 across diode 𝐷3. Its 

value can be determined as the area below the current waveform in figure 5. 

 

𝑄𝐿1𝑂𝐹𝐹 =
〈𝑣𝑖𝑛〉𝑈𝑈1𝑇𝑠
2𝐿1𝑓𝑠

=
𝑈1𝑇𝑠
2
𝐼𝐿1𝑚𝑎𝑥 (20) 

 

Thus, by replacing (20) in (19), another steady-state expression for 𝑖𝐿2 is obtained. 

 

〈𝑖𝐿2〉 =
〈𝑣𝑖𝑛〉𝑈𝑈1
2𝐿1𝑓𝑠

 

 

(21) 

By equaling expressions (16) and (21), it is possible to obtain 𝐾1, which is a standard 

parameter to analyze the discontinuous conduction mode [45]. 

 

𝐾1 =
2𝐿1
𝑅𝑇𝑠

=
𝑈(1 − 𝑈)2𝑈1

2

𝑈 + 𝑈1
 (22) 

 

After that, extracting 〈𝑣𝑖𝑛〉/〈𝑣𝐶2〉 from (15) and replacing in (22), the value of 𝑈1 is given by 
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𝑈1 = 𝐾1 (
〈𝑣𝐶2〉

〈𝑣𝑖𝑛〉
) (

1

𝑈(1 − 𝑈)
) =

𝐾1
2𝑈(1 − 𝑈)2

(1 + √1 +
4𝑈2(1 − 𝑈)2

𝐾1
) (23) 

 

From the aforementioned expressions, the mean values of the converter variables are given 

by 

 

〈𝑖𝐿1〉 = 𝐼𝐿1 =
𝑉𝑖𝑛

4𝑅(1 − 𝑈)2
(1 +√1 +

4𝑈2(1 − 𝑈)2

𝐾1
)

2

 (24) 

〈𝑖𝐿2〉 = 𝐼𝐿2 =
𝑉𝑖𝑛

2𝑅(1 − 𝑈)2
(1 +√1 +

4𝑈2(1 − 𝑈)2

𝐾1
) (25) 

〈𝑣𝐶1〉 = 𝑉𝐶1 =
𝑉𝑖𝑛
2
(1 +√1 +

4𝑈2(1 − 𝑈)2

𝐾1
) 

(26) 

〈𝑣𝐶2〉 = 𝑉𝐶2 =
𝑉𝑖𝑛

2(1 − 𝑈)
(1 +√1 +

4𝑈2(1 − 𝑈)2

𝐾1
) 

(27) 

 

Finally, the voltage conversion ratio of the converter operating in DCL1 can be expressed 

 

𝑀𝐷𝐶𝑀1(𝑈) =
𝑉𝐶2
𝑉𝑖𝑛

=
1 + √1 +

4𝑈2(1 − 𝑈)2

𝐾1
2(1 − 𝑈)

 
(28) 

 

C. Converter operating in DCL2 mode 

 

From the expressions listed in table I, the volts-second balances are given by 

 

〈𝑣𝐿1〉 =
〈𝑣𝑖𝑛〉𝑈𝑇𝑠 + (〈𝑣𝑖𝑛〉 − 〈𝑣𝐶1〉)(1 − 𝑈)𝑇𝑠

𝑇𝑠
= 0 

(29) 

〈𝑣𝐿2〉 =
〈𝑣𝐶1〉𝑈𝑇𝑠 + (〈𝑣𝐶1〉 − 〈𝑣𝐶2〉)𝑈2𝑇𝑠

𝑇𝑠
= 0 

(30) 

 

By solving (29) and (30), the steady-state expressions for 𝑣𝐶1 and 𝑣𝐶2 are obtained 
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〈𝑣𝐶1〉 =
〈𝑣𝑖𝑛〉

1 − 𝑈
 (31) 

〈𝑣𝐶2〉 =
〈𝑣𝑖𝑛〉(𝑈 + 𝑈2)

𝑈2(1 − 𝑈)
 (32) 

 

There are two charges involved in the charge balance of capacitor 𝐶1. A positive charge is 

given by inductor 𝐿1 during the interval (1 − 𝑈)𝑇𝑠 whereas a negative charge 𝑄𝐿2 is extracted 

for inductor 𝐿2 during the interval (𝑈 + 𝑈2)𝑇𝑠. Then, we have 

 

〈𝑖𝐶1〉 =
〈𝑖𝐿1〉(1 − 𝑈)𝑇𝑠 − 𝑄𝐿2

𝑇𝑠
= 0 (33) 

 

The value of 𝑄𝐿2 is obtained computing the area below the current waveform in figure 5 

during the interval (𝑈 + 𝑈2)𝑇𝑠. The value of charge 𝑄𝐿2 divided by the switching period is the 

same mean value of inductor current 𝑖𝐿2.  Hence, the following relation is obtained 

 

〈𝑖𝐿1〉 = 〈𝑖𝐿2〉
1

(1 − 𝑈)
 (34) 

 

The value of 𝑄𝐿2 is obtained as the area of the triangle below the current waveform of 

inductor 𝐿2 shown in figure 5b. The height of the triangle is defined by the maximum value 

of  𝑖𝐿2, denoted as 𝐼𝐿2𝑚𝑎𝑥, whereas the basis is the interval (𝑈 + 𝑈2)𝑇𝑠. The value of 𝐼𝐿2𝑚𝑎𝑥 is 

derived using the slope of the inductor current in the on state 

 

𝐼𝐿2𝑚𝑎𝑥 = (
〈𝑣𝐶1〉

𝐿2
)𝑈𝑇𝑠 =

1

𝐿2
(
〈𝑣𝑖𝑛〉

1 − 𝑈
)𝑈𝑇𝑠 (35) 

 

 

Fig. 5. Current waveforms when the converter operates in DCL2 mode: a) diode D1, b) inductor L2  
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and therefore , we obtain 

 

𝑄𝐿2 =
〈𝑣𝑖𝑛〉

2𝐿2𝑓𝑠

𝑈(𝑈 + 𝑈2)

(1 − 𝑈)
𝑇𝑠 (36) 

 

On the other hand, the charge balance in capacitor 𝐶2 is solved considering the relation 

between the load current and the current of diode 𝐷1 , which is shown in figure 3.6b. Hence, it 

is possible to derive equation (36) since the mean value of the output current is the same mean 

value of the current through diode 𝐷1 (𝑄𝐿2𝑂𝐹𝐹/𝑇𝑠). 

 

〈𝑣𝐶2〉

𝑅
= 〈𝑖𝐷1〉 =

〈𝑣𝑖𝑛〉(𝑈 + 𝑈2)

𝑅𝑈2(1 − 𝑈)
 (37) 

 

 The mean value of the diode current is given by 

 

〈𝑖𝐷1〉 =
1

𝑇𝑠
(
1

2
𝐼𝐿2𝑚𝑎𝑥𝑈2𝑇𝑠) =

〈𝑣𝑖𝑛〉𝑈𝑈2
2𝐿2𝑓𝑠(1 − 𝑈)

 (38) 

 

By equaling expressions (37) and (38), it is obtained 

 

𝐾2 =
2𝐿2
𝑅𝑇𝑠

=
𝑈𝑈2

2

(𝑈 + 𝑈2)
 

 

(39) 

 By solving (32) for 〈𝑣𝐶2〉 /〈𝑣𝑖𝑛〉 and replacing in (39), the value of 𝑈2 is deduced 

 

𝑈2 = 𝐾2 (
〈𝑣𝐶2〉

〈𝑣𝑖𝑛〉
) (
1 − 𝑈

𝑈
) =

𝐾2
𝑈
(1 + √1 +

4𝑈2

𝐾2
) (40) 

 

From the abovementioned expressions, the mean values of the converter variables are given 

by 

〈𝑖𝐿1〉 = 𝐼𝐿1 =
𝑉𝑖𝑛

4𝑅(1 − 𝑈)2
(1 +√1 +

4𝑈2

𝐾2
)

2

 (41) 
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〈𝑖𝐿2〉 = 𝐼𝐿2 =
𝑉𝑖𝑛

4𝑅(1 − 𝑈)
(1 +√1 +

4𝑈2

𝐾2
)

2

 (42) 

〈𝑣𝐶1〉 = 𝑉𝐶1 =
𝑉𝑖𝑛

(1 − 𝑈)
 (43) 

〈𝑣𝐶2〉 = 𝑉𝐶2 =
𝑉𝑖𝑛

2(1 − 𝑈)
(1 +√1 +

4𝑈2

𝐾2
) (44) 

 

The voltage conversion ratio of the converter operating in DCL2 is 

 

𝑀𝐷𝐶𝑀2(𝑈) =
𝑉𝐶2
𝑉𝑖𝑛

=
1 + √1 +

4𝑈2

𝐾2
2(1 − 𝑈)

 
(45) 

 

D. Converter operating in DCL12, DCL21 modes 

 

From the expressions listed in table I, the balances in 𝐿1 and 𝐿2 are given by  

 

〈𝑣𝐿1〉 =
〈𝑣𝑖𝑛〉𝑈𝑇𝑠 + (〈𝑣𝑖𝑛〉 − 〈𝑣𝐶1〉)𝑈1𝑇𝑠

𝑇𝑠
= 0 

(46) 

〈𝑣𝐿2〉 =
〈𝑣𝐶1〉𝑈𝑇𝑠 + (〈𝑣𝐶1〉 − 〈𝑣𝐶2〉)𝑈2𝑇𝑠

𝑇𝑠
= 0 

(47) 

 

By solving (46) and (47), the steady-state expressions for 𝑣𝐶1 and 𝑣𝐶2 are obtained. 

 

〈𝑣𝐶1〉 =
〈𝑣𝑖𝑛〉(𝑈 + 𝑈1)

𝑈1
 (48) 

〈𝑣𝐶2〉 =
〈𝑣𝐶1〉(𝑈 + 𝑈2)

𝑈2
 (49) 

 

The charge balances in both capacitors 𝐶1 and 𝐶2 can be obtained from the current 

waveforms shown in figure 6. 
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Fig. 6. Current waveforms when the converter operates in DCL12 : a) inductor L1, b) diode D1, c) inductor L2. 

 

〈𝑖𝐶1〉 =
𝑄𝐿1𝑂𝐹𝐹 − 𝑄𝐿2

𝑇𝑠
=
1

𝑇𝑠
(
𝐼𝐿1𝑚𝑎𝑥𝑈1𝑇𝑠

2
) −

1

𝑇𝑠
(
𝐼𝐿2𝑚𝑎𝑥(𝑈 + 𝑈2)𝑇𝑠

2
) = 0 (50) 

〈𝑖𝐶2〉 =
𝑄𝐿2𝑂𝐹𝐹
𝑇𝑠

−
〈𝑣𝐶2〉

𝑅
=
1

𝑇𝑠
(
𝐼𝐿2𝑚𝑎𝑥𝑈2𝑇𝑠

2
) −

〈𝑣𝐶2〉

𝑅
= 0 (51) 

 

where the maximum values of the inductor currents are given by the expressions 

 

𝐼𝐿1𝑚𝑎𝑥 = (
〈𝑣𝑖𝑛〉

𝐿1
)𝑈𝑇𝑠 (52) 

𝐼𝐿2𝑚𝑎𝑥 = (
〈𝑣𝐶1〉

𝐿2
)𝑈𝑇𝑠 (53) 

 

By replacing (52) and (53) in (50) and solving for the relation 〈𝑣𝐶1〉 /〈𝑣𝑖𝑛〉, we obtain 

 

〈𝑣𝐶1〉

〈𝑣𝑖𝑛〉
=
𝐿2
𝐿1
(
𝑈1

𝑈 + 𝑈2
) (54) 

 

By defining constants 𝐾1 and 𝐾2 with the expressions 
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𝐾1 =
2𝐿1
𝑅𝑇𝑠

 (55) 

𝐾2 =
2𝐿2
𝑅𝑇𝑠

 (56) 

 

Then, from (54), (55) and (56), we have 

 

〈𝑣𝐶1〉

〈𝑣𝑖𝑛〉
=
𝐾2
𝐾1
(
𝑈1

𝑈 + 𝑈2
) (57) 

 

Then, by replacing (56) in (51), we have 

 

𝐾2 =
𝑈𝑈2

2

𝑈 + 𝑈2
=
〈𝑣𝐶1〉

〈𝑣𝐶2〉
𝑈𝑈2 (58) 

 

By solving (58) for 𝑈2 and replacing in (49), the following relation is obtained 

 

𝑀𝑎(𝑈) =
〈𝑣𝐶2〉

〈𝑣𝐶1〉
=
1 + √1 +

4𝑈2

𝐾2
2

 
(59) 

 

On the other hand, by replacing (58) in (57), it is derived that 

 

〈𝑣𝐶1〉

〈𝑣𝑖〉
= (

1

𝑀𝑎(𝑈)
)

𝑈1𝑈𝑈2
𝐾1(𝑈 + 𝑈2)

 (60) 

 

Then, solving (49) for 〈𝑣𝐶1〉/〈𝑣𝐶2〉 and (48) for 𝑈1, and replacing in (60), we deduce 

 

〈𝑣𝐶1〉

〈𝑣𝑖𝑛〉
=
𝑈2

𝐾1

(
1

𝑀𝑎(𝑈)
)
2

(
〈𝑣𝐶1〉
〈𝑣𝑖〉

− 1)
  

 

Hence, the voltage conversion ratio of the converter operating in DCL12 can be expressed as 
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〈𝑣𝐶2〉

〈𝑣𝑖𝑛〉
=
𝑉𝐶2
𝑉𝑖𝑛

=
𝑀𝑎(𝑈) + √[𝑀𝑎(𝑈)]2 +

4𝑈2

𝐾1
2

=
1

2
((
〈𝑣𝐶2〉

〈𝑣𝐶1〉
) + √(

〈𝑣𝐶2〉

〈𝑣𝐶1〉
)

2

+
4𝑈2

𝐾1
) 

 

𝑀𝐷𝐶𝑀12(𝑈) =
𝑉𝐶2
𝑉𝑖𝑛

=
1

4

(

 1 + √1 +
4𝑈2

𝐾2
+√(1 + √1 +

4𝑈2

𝐾2
)

2

+
16𝑈2

𝐾1
)

  (61) 

 

From the aforementioned expressions, the mean values of the converter variables are given 

by 

 

〈𝑣𝐶1〉 = 𝑉𝐶1 = 𝑉𝑖𝑛
𝑀𝐷𝐶𝑀12(𝑈) 

𝑀𝑎(𝑈) 
 (62) 

〈𝑣𝐶2〉 = 𝑉𝐶2 = 𝑉𝑖𝑛[𝑀𝐷𝐶𝑀12(𝑈)] (63) 

 

From the input to output power balance, it is obtained that 

 

 

〈𝑖𝐿1〉 = 𝐼𝐿1 =
𝑉𝑖𝑛[𝑀𝐷𝐶𝑀12(𝑈)]

2

𝑅
 (64) 

 

Taking into account that  〈𝑖𝐿2〉 = 𝐼𝐿2𝑚𝑎𝑥(𝑈 + 𝑈2)/2 and using (51) result in the following 

expression after some mathematical manipulation 

 

〈𝑖𝐿2〉 = 𝐼𝐿2 =
𝑉𝑖𝑛𝑀𝐷𝐶𝑀12(𝑈)𝑀𝑎(𝑈)

𝑅
 (65) 

 

E. Boundaries of the conduction modes 

 

The boundaries between the different discontinuous conduction modes are obtained 

assuming that any inductor current reaches the zero value exactly at the end of the switching 

period. Then, it is possible to assert that the converter operates in a critical or boundary 

conduction mode. As expected, one or both parameters 𝑈1 or 𝑈2 are exactly equal to  1 − 𝑈 , 

the use of this definition allowing the mathematical conditions derivation for the mode 

existence. The procedure consists in obtaining a critical value of 𝐾1 or 𝐾2 wherever it is 

possible to distinguish the operational modes. The values will be denoted 𝐾1𝑐𝑟𝑖𝑡 or 𝐾2𝑐𝑟𝑖𝑡 

respectively. Four different boundaries can be identified: 
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a) The converter operates in CCM and the current of inductor L1 reaches the critical 

conduction mode, which is the way to enter in DCL1 mode. 

 

By replacing  𝑈1 = 1 − 𝑈 in (22), the following expression is obtained  

 

𝐾1𝑐𝑟𝑖𝑡 =
𝑈(1 − 𝑈)2(1 − 𝑈)2

𝑈 + (1 − 𝑈)
= 𝑈(1 − 𝑈)4 

 

(66) 

Then, it is possible to assert that when the converter operates in CCM the boundary to enter 

into DCL1 mode is defined by 

 

2𝐿1
𝑅𝑇𝑠

< 𝑈(1 − 𝑈)4 

 

(67) 

b) The converter operates in CCM and the current of inductor 𝐿2 reaches the critical 

conduction mode, which is the way to enter into DCL2 mode. 

 

By replacing  𝑈2 = 1 − 𝑈 in (38), it is obtained that 

 

𝐾2𝑐𝑟𝑖𝑡 =
𝑈(1 − 𝑈)2

𝑈 + (1 − 𝑈)
= 𝑈(1 − 𝑈)2 (68) 

 

Then, it is possible to assert that when the converter operates in CCM, the boundary to attain 

DCL2 mode is defined by 

 

2𝐿2
𝑅𝑇𝑠

< 𝑈(1 − 𝑈)2 (69) 

 

c) The converter operates in DCL1 mode and the current of inductor 𝐿2 reaches the 

critical conduction mode, which is the way to enter into DCL12 mode. 

 

By replacing 𝑈2 = 1 − 𝑈 in (58), the expression (68) is anew obtained. Then, it is possible 

to assert that, once in mode DCL1, the boundary to attain DCL12 mode is also defined by 

expression (69) 
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d) The converter operates in DCL2 mode and the current in inductor 𝐿1  reaches the 

critical conduction mode, which is the way to enter into the DCL21 mode. 

 

By replacing  𝑈1 = 1 − 𝑈 in (48) and (57), and identifying the two expressions, we have 

 

𝐾1 = 𝐾2
(1 − 𝑈)2

𝑈 + 𝑈2
 (70) 

 

On the other hand, by using relation (59), expression (58) becomes   

 

𝐾2 =
𝑈𝑈2
𝑀𝑎(𝑈)

⇒ 𝑈2 =
𝑀𝑎(𝑈)𝐾2

𝑈
 (71) 

 

Therefore (70) leads to  

 

𝐾1𝑐𝑟𝑖𝑡 =
2𝐾2𝑈(1 − 𝑈)

2

2𝑈2 + 𝐾2 (1 + √1 +
4𝑈2

𝐾2
)

 
(72) 

 

Then, it is possible to conclude that when the converter operates in DCL2 mode, the 

boundary to attain DCL12 mode is defined by 

 

2𝐿1
𝑅𝑇𝑠

<
2𝐾2𝑈(1 − 𝑈)

2

2𝑈2 + 𝐾2 (1 + √1 +
4𝑈2

𝐾2
)

 
(73) 

 

Figure 7 shows the domains of the different conduction modes in terms of  regions for CCM, 

DCL1, DCL2 and DCL12 as a function of the duty cycle U and DCM constants 𝐾1 and 𝐾2. 

As it can be observed, the discontinuous regions are concentrated around the low duty cycles 

and low values of 𝐾1 and 𝐾2, which correspond to low power levels. Note that the converter 

cannot work in the region of high duty cycles because the existence of the discontinuous 

conduction modes always requires the fulfilment of conditions 𝑈1 > 1 − 𝑈 or 𝑈2 > 1 − 𝑈 or 

both.  
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Fig.7. Graphical representation of critical values 𝐾1𝑐𝑟𝑖𝑡 and 𝐾2𝑐𝑟𝑖𝑡 as functions of duty cycle U:  a) CCM and DCL1 (𝐾1 vs. 

U), b) CCM and DCL2  (𝐾2 vs. U), c) CCM, DCL1 and DCL12  (𝐾2 vs. U, 𝐾1); d) CCM, DCL2  and DCL21 (𝐾1 vs. U, 𝐾2). 

 

As shown in figure 7, the critical values of 𝐾1 and 𝐾2 define the different limits between the 

conduction modes CCM, DCL1, DCL2 and DCL12. Figures 7a and 7b show the limits 

between CCM and modes DCL1 and DCL2 respectively. It is possible to observe that the 

region covered by mode DCL2 is considerably bigger than the region covered by mode 

DCL1. Besides, it is possible to observe in figures 7c and 7d that modes DCL12 and DCL21 

can be only attained from DCL1 or DCL2 respectively for a delimited region of the duty 

cycle. This is due to the interdependence between the critical values 𝐾1𝑐𝑟𝑖𝑡 and 𝐾2𝑐𝑟𝑖𝑡 for the 

regions of DCL12 and DCL21 modes.  

 

IV. STEADY-STATE OF THE CONVERTER FOR VARIABLE SWITCHING FREQUENCY 

The use of a hysteresis comparator to implement a sliding-mode controller does not imply a 

change in the steady state behavior of the converter variables. However, it is necessary to 

consider that the different equilibrium points in the operational range of the converter have 

different switching frequencies. Then, first of all, it is necessary to consider that the system is 

limited to work in either CCM or DCL2 because the continuous conduction mode of inductor 

L1 ensures the sliding motion on the control surface [50]- [51]. However, it is possible to 

associate a duty cycle to each equilibrium point, and this fact is used to compare the two kinds 

of modulation employed in this work. 
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A. Operation in CCM 

When operating in CCM with a hysteresis comparator, the converter has the same steady- 

state behavior than using a PWM modulator. This is mainly due to the fact that the gain and 

the steady state relations between variables are not dependent of the frequency. Therefore, 

expressions (6)-(9) remain valid. 

 

B. Operation in DCL2 mode 

When operating in DCL2, the steady- state gain of the converter and the relations among 

variables are a function of the resistive load and the switching frequency. Thus, from 

equations in the first row of Table I, it is obtained  

 

𝑡𝑜𝑛 =
2𝐿1Δ

𝑉𝑖𝑛
= 𝑈𝑇𝑠 (74) 

𝑡𝑜𝑓𝑓 =
2𝐿1Δ

𝑉𝑖𝑛 − 𝑉𝐶1
= (1 − 𝑈)𝑇𝑠 (75) 

 

Then, the switching frequency is defined by 

 

 

𝑓𝑠 =
𝑉𝑖𝑛𝑈

2𝐿1Δ
 (76) 

 

where Δ represents a hysteresis band.  

 Replacing (76) in (39), solving (8) for the duty cycle 𝑈 and introducing the results in 

expression (74) yield 

 

𝐾2 =
2𝐿2𝑓𝑠
𝑅

=
𝐿2𝑉𝑖𝑛𝑈

𝐿1𝑅∆
 

 

 Then, replacing (77) in expression (44), we obtain 

 

(77) 

𝑉𝐶2 =
𝑉𝑖𝑛

2(1 − 𝑈)
(1 + √1 +

4𝐿1𝑅∆𝑈

𝐿2𝑉𝑖
) (78) 
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C. Boundary conduction mode between CCM and DCL2  

The boundary conduction mode between the two possible modes operating with variable 

switching frequency is determined by a value of the duty cycle defined as 𝑈𝑐𝑟𝑖𝑡 in expression 

(79), which is obtained by replacing (77) in (68). 

 

𝑈𝑐𝑟𝑖𝑡 = 1 − √
𝐿2𝑉𝑖𝑛
𝐿1𝑅∆

 (79) 

 

V. SIMULATION RESULTS 

 

A. Converter gain and current waveforms for constant switching frequency 

 

 Figure 10 depicts the gain of the converter for a set of converter parameters (𝐿1, 𝐿2, 𝐶1, 𝐶2 

and 𝑓𝑠) listed in the caption. The different conduction modes are represented as a function of 

the duty cycle and the output load R. 

 

 
Fig.10. Ideal converter gain vs. duty cycle ( 𝐿1 = 120 𝜇𝐻, 𝐿2 = 820 𝜇𝐻, 𝐶1 = 𝐶2 = 10 𝜇𝐹) 

 

 Figure 10 also shows three curves of the converter gain M(U) as a function of the duty cycle 

U. Each one corresponds to a converter operation with a constant load resistance 

(1𝑘Ω, 5𝑘Ω and 10𝑘Ω). In these curves a distribution of the conduction modes can be 

observed. Different points (a, b, c, d, e, f, g and h) have been marked on the gain 
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characteristics to indicate a conduction mode or a limit between two of them. Further, each 

conduction mode has been highlighted by using the color code shown in the head of the 

figure. Point a (𝑈 = 0.4 and 𝑀(𝑈) = 3.546) corresponds to DCL1 mode and point b (𝑈 =

0.5411, 𝑀(𝑈) = 4.748) represents the boundary between DCL1 mode and CCM, both when 

the converter works with a load of 1 kΩ. Point c (𝑈 = 0.0353, 𝑀(𝑈) = 1.245) is the 

boundary between DCL2 and DCL21, point d (𝑈 = 0.5, 𝑀(𝑈) = 9.057) corresponds to 

DCL21 mode and point e (𝑈 = 0.6464, 𝑀(𝑈) = 11.61) represents the boundary between 

DCL21 and DCL2. In the last three points the converter works with a load of 5 kΩ.  Point f 

(𝑈 = 0.7, 𝑀(𝑈) = 19.96) corresponds to DCL2, point g (𝑈 = 0.8621, 𝑀(𝑈) = 52.58) 

belongs to the boundary between DCL2 mode and CCM, and point h (𝑈 = 0.8709, 𝑀(𝑈) =

60) corresponds to CCM. For the last three points the converter works with a load of 10 kΩ. 

The validity of the predicted gains has been verified by means of PSIM simulations. The 

inductor current waveforms have been captured in each of the mentioned points in order to 

verify the corresponding conduction modes and boundaries. The results are shown in figure 

11. 
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Fig.11. PSIM simulated waveforms of inductor currents for the operational points (a, b, c, d, e, f, g, h) in figure 10. 

 

 

B. Converter gain for variable switching frequency 

 

 Figure 12 depicts the converter gain for the set of parameters (𝐿1, 𝐿2, 𝐶1, 𝐶2) listed in the 

figure caption when the converter operates with variable switching  frequency using a 

hysteresis comparator. The different conduction modes are represented as a function of the 

duty cycle and the output load R. 

 
Fig.12. Ideal converter gain vs. duty cycle with variable frequency operation 

(Parameters: 𝑣𝑖 = 15 𝑉, 𝐿1 = 220 𝜇𝐻, 𝐿2 = 820 𝜇𝐻, 𝐶1 = 𝐶2 = 10 𝜇𝐹) 
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Besides, three curves of the converter gain M(U) as a function of the duty cycle U are 

depicted. Each one corresponds to the converter operation with a constant load resistance 

(1𝑘Ω, 5𝑘Ω and 10𝑘Ω). Points a, b, and c have been marked on the gain characteristics to 

indicate the conduction modes CCM or DCL2, or a limit between them. Point a (𝑈 =

0.5006, 𝑀(𝑈) = 8.393 and 𝑓 = 75 𝑘𝐻𝑧) corresponds to DCL2 for a current reference of 

0.59 A.  Point b (𝑈 = 0.7405, 𝑀(𝑈) = 15.01 and 𝑓 = 70.59 𝑘𝐻𝑧), in turn, corresponds to 

CCM when a current reference of 1.05 A is employed. Point c (𝑈 = 0.856, 𝑀(𝑈) = 48.3 

and 𝑓 = 88.23 𝑘𝐻𝑧) represents the boundary between DCL2 and CCM for a load of 10𝑘Ω. 

The corresponding inductor current waveforms are shown in figure 13. 

 
 

Fig.13. PSIM simulated waveforms of inductor currents for the operational points (a, b and c) in figure 12. 

 

 

 

 

VI. EXPERIMENTAL RESULTS 

A 80 W laboratory prototype of the quadratic boost converter and a computer- based test set-

up have been built in order to validate the theoretical predictions and the simulation results. 

Several measurements verify the predicted waveforms and converter gains. 

 

A. Experimental set-up and converter prototype  

 

The power stage shown in figure 14 has been made with inductors 𝐿1 = 220𝜇𝐻 and 𝐿2 =

820𝜇𝐻 from Bourns Inc., two 1300 V thin film capacitors 𝐶1 = 𝐶2 = 11𝜇𝐹 from EPCOS, a 

1200 V SiC MOSFET SCT2160KE from ROHM Semiconductor, and three 1200 V Schottky 

diodes C2D05120A from CEE. The converter has been controlled using both PWM and 

hysteresis modulation, and so two control circuits have been built. The PWM- based control 

has been developed using the PWM module of dsPIC30F4011 whose duty cycle can be 

modified through an A/D channel. The hysteresis comparator was implemented with basic 

discrete electronics. 
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Fig.14. Converter prototype and experimental set-up 

 

 

The measurement set-up shown in figure 14 is composed of an Oscilloscope TDS 2024C 

from Tektronix, a multimeter A830L from SMT, a power source EF-055 from Erasmus and a 

current probe I30s from Fluke. A computer- based test interface has been made using the 

acquisition card NI-USB-6210 from National Instruments and a LabVIEW application. The 

computer program defines a voltage to adjust the duty cycle of the PWM modulator and takes 

measurement samples of input and output voltages of the converter. 

 

 

 

 

B. Inductor conduction modes and waveforms 

 

Different operational points have been evaluated in order to obtain the four possible inductor 

conduction modes (CCM, DCL1, DCL2 and DCL12). Both inductor currents and voltages are 

depicted in figures 15, 16, 17 and 18 respectively. The gain of the converter at each point has 

been also verified. 
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Fig.15. Current and voltage experimental waveforms for CCM.   

 (Parameters: 𝐿1 = 120 𝜇𝐻, 𝐿2 = 820 𝜇𝐻, 𝐶1 = 𝐶2 = 10 𝜇𝐹, 𝑅 = 1.5 𝑘Ω, 𝑉𝑖 = 15 𝑉  𝑓𝑠 = 50 𝑘𝐻𝑧, 𝐷 = 0.81) 

 

 
 

Fig.16. Experimental waveforms of inductor currents and voltages for DCM1.   

 (Parameters: L1 = 120 μH, L2 = 820 μH, C1 = C2 = 10 μF, R = 1 kΩ, Vi = 15 V  fs = 100 kHz, D = 0.4) 

 
 

Fig. 17 Experimental waveforms of inductor currents and voltages for DCM2.   

 (Parameters: L1 = 120 μH, L2 = 820 μH, C1 = C2 = 10 μF, R = 5 kΩ, Vi = 15 V  fs = 20 kHz, D = 0.7) 
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Fig.18.Experimental waveforms of inductor currents and voltages for DCM12.   

(L1 = 120 μH, L2 = 820 μH, C1 = C2 = 10 μF, R = 10 kΩ, Vi = 15 V  fs = 50 kHz, D = 0.5) 

 

 

C. Converter gain for constant switching frequency 

 

Figure 19 shows the experimental converter gain curves when a PWM modulator is 

employed and a great number of samples are produced by means of the computerized 

variation of the duty cycle. The curves correspond to operation with constant resistive loads of 

1𝑘Ω, 5𝑘Ω or 10𝑘Ω and show a distribution of the different conduction modes in each of them.  

 
Fig.19. Measured converter gain vs. duty cycle with constant switching frequency operation 

 

 In comparison with the simulated results of figure 10, the static behavior keeps the same 

shape but the gain value is slightly affected by the voltage drops and power losses of the 

prototype. Hence, the theoretical and simulated results are in good agreement with the 

experimental results.  
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D. Converter gain for variable switching frequency 

Figure 20 shows two experimental curves of the converter gain when a hysteresis modulator 

is employed. The curves correspond to operation with constant resistive loads of 

1𝑘Ω or 6.6𝑘Ω. A hysteresis band of ± 0.15 A has been used. 

 

 
Fig.20. Measured converter gain vs. duty cycle with variable switching frequency operation 

 

The gain of the converter with the hysteresis comparator shows a similar behavior to the 

simulation results shown in 12.  Note also that the gain curve is very similar to that of PWM. 

However, the difference can be attributed to the effect of switching frequency diminution 

when the power load increases in the hysteresis case, which reduces the commutation losses 

allowing a higher gain especially for higher duty cycles. Excessively low duty cycles have 

been avoided to ensure proper operation of the hysteresis comparator.  

 

E. Converter efficiency 

 

In order to assess the efficiency of the quadratic boost converter prototype covering 

sufficient operational conditions to have a broad scope of comparison among conduction 

modes, several data have been obtained from experiments. The output voltage has been fixed 

at 400 V by means of a regulation loop in order to have a real operational condition such as 

the DC bus voltage in a grid-connected two- stage photovoltaic inverter. A test has been 

applied by changing the input voltage, the power load and the frequency in a coherent 

operational range. The results have been arranged in Table II for output power values of 16, 

32, 48, 64 and 80 W. Although only Tables for 32 and 48 W are finally presented for the sake 

of brevity, this illustration is sufficient to reveal the most significant results relating the 

conduction mode and the efficiency of the converter.  
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TABLE II 

Measurements of the converter variables for an output power of 32 W 

𝑉𝐶2 (𝑉) 𝐹𝑟𝑒𝑞 (KHZ) 𝑉𝑖  (𝑉) 𝐷 𝑉𝐶1(𝑉) 𝐼𝐿1(𝐴) 𝐼𝐿2 (𝐴) 𝜼 Mode 𝑃𝑜𝑢𝑡 (𝑊) 

400 

20 

15 75.63 50.51 3.09 0.96 0.6904 DCL2 

32 

20 68.64 57.21 2.16 0.84 0.7407 DCL2 

25 56.29 69.07 1.68 0.72 0.7619 DCL12 

30 45.71 82.51 1.38 0.6 0.7729 DCL12 

40 

15 81.18 64.68 2.98 0.72 0.7159 CCM 

20 74.33 69.55 2.06 0.68 0.7767 DCL2 

25 68.83 74.5 1.62 0.64 0.7901 DCL2 

30 62.19 84.58 1.34 0.56 0.7960 DCL2 

60 

15 83 71 2.88 0.64 0.7407 CCM 

20 78.26 82.56 1.99 0.56 0.8040 CCM 

25 73.19 87.19 1.56 0.52 0.8205 CCM 

30 68.69 91.89 1.28 0.52 0.8333 CCM 

80 

15 83.27 70.71 2.88 0.64 0.7407 CCM 

20 79.59 84.91 2 0.56 0.8000 CCM 

25 76.22 95.98 1.57 0.48 0.8153 CCM 

30 72.43 102.95 1.28 0.44 0.8333 CCM 

100 

15 83.81 69.86 2.94 0.64 0.7256 CCM 

20 79.93 84.35 2.05 0.56 0.7805 CCM 

25 76.87 95.68 1.6 0.48 0.8000 CCM 

30 74.34 105.55 1.32 0.44 0.8080 CCM 

 

TABLE III 

Measurements of the converter variables for an output power of 48 W 

𝑉𝐶2 (𝑉) 𝐹𝑟𝑒𝑞 (KHZ) 𝑉𝑖  (𝑉) 𝐷 𝑉𝐶1(𝑉) 𝐼𝐿1(𝐴) 𝐼𝐿2 (𝐴) 𝜼 Mode 𝑃𝑜𝑢𝑡 (𝑊) 

400 

20 

15 80.12 55.17 5.05 0.88 0.6337 DCL2 

48 

20 72.48 62.8 3.22 0.84 0.7453 DCL2 

25 67.19 69.35 2.48 0.76 0.7742 DCL2 

30 56.37 81.7 2.04 0.62 0.7843 DCL2 

40 

15 83.76 68.34 4.68 0.64 0.6838 CCM 

20 78.13 78.5 3.07 0.56 0.7818 DCL2 

25 72.95 83.35 2.38 0.56 0.8067 DCL2 

30 68.36 87.96 1.95 0.56 0.8205 DCL2 

60 

15 83.57 69.69 4.43 0.6 0.7223 CCM 

20 79.79 84.33 3 0.48 0.8000 CCM 

25 76.53 96.15 2.3 0.44 0.8348 DCL2 

30 72.76 102.63 1.88 0.44 0.8511 DCL2 

80 

15 83.57 69.99 4.32 0.6 0.7407 CCM 

20 79.79 85.43 2.93 0.48 0.8191 CCM 

25 76.76 97.06 2.24 0.44 0.8571 CCM 

30 74.19 107.12 1.86 0.4 0.8602 DCL2 

100 

15 83.82 69.76 4.46 0.64 0.7175 CCM 

20 79.79 85.71 2.89 0.48 0.8304 CCM 

25 76.76 97.27 2.22 0.44 0.8649 CCM 

30 74.33 107.64 1.84 0.4 0.8695 CCM 

 

It can be shown in Tables II and III that some rows have been highlighted. These rows 

correspond to operational points with efficiencies higher than 80%, which are related with 

CCM and DCL2. It is worth to note that maximum efficiencies around 86% have been 

obtained in both CCM and DCL2 modes. 
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  Mode DCL12 is only observed for low switching frequencies, input voltages between 25 and 

30 V and lower power loads. Besides, considering a high DC gain application, DCL12 is 

almost unobservable. Mode DCL2 is reachable by both PWM and hysteresis modulation, and 

therefore operating in modes CCM and DCL2 is desirable. Particular interest offers the 

boundary mode between CCM and DCL2 because offers the advantages of both modes and 

avoids the drawbacks of the discontinuous conduction mode when the non-conduction time-

interval of the inductor current is accentuated. 

 

VII. CONCLUSIONS 

In this work, the conduction modes of the quadratic boost converter have been disclosed 

and analyzed in steady-state when the converter operates using either a PWM or a hysteresis 

comparator. Besides the conventional CCM, four inductor current discontinuous conduction 

modes have been found and explored, namely, DCL1, DCL2, DCL12 and DCL21. In the 

context of high -DC gain applications, only DCL2 can be competitive in comparison with 

CCM because it can be attained with a normal set of parameters in both PWM and hysteresis 

cases exhibiting similar levels of efficiency. Particular interest offers operating in the 

boundary between CCM and DCL2 in order to exploit the advantages of both CCM and 

DCM. Regarding prospective work, the study of the dynamic behavior of the quadratic boost 

converter operating in DCL2 with a hysteresis modulator is in progress. A reduction of two in 

the system order would be expected if the converter were analyzed under the optics of sliding-

mode control theory. Therefore, a second -order zero-dynamics would be apparently easier to 

handle than a third order dynamics of CCM for the design of a robust controller regulating the 

output voltage [51]. 
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