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A sliding mode duty ratio control is proposed for control of a positive output self-lift Luo converter. Conventional discontinuous 
sliding mode current method has been commonly used for switching dc/dc converters as it offers several benefits such as robust 
performance against operating point variations and easy implementation. However, this control strategy suffers from chattering 
phenomenon, due to its non-constant switching frequency. It makes the design of input and output filters more difficult and, it 
increases strongly electromagnetic interface (EMI) problem and inductor saturation possibility. To overcome the mentioned 
problems, this paper suggests a continuous sliding mode current control scheme based on a double-integral sliding surface. Contrary 
to the traditional controller, the proposed method can indirectly enforce the defined sliding variable to converge zero. The developed 
control technique provides not only the fixed switching frequency without chattering but also zero steady-state error and fast response. 
The modified sliding mode approach is applied to a positive output self-lift Luo converter in continuous conduction mode. The general 
control law of the proposed structure is derived using the equivalent control concept and the detailed stability of the closed loop system 
is investigated using sliding mode theory and small signal analysis. Moreover, practical results are provided to demonstrate the 
superior performance of the suggested sliding mode controller as compared with the existing methods.

1. INTRODUCTION 
Boost dc/dc converters are widely recommended for many 

industrial sectors such as power supplies, wind energy, 
photovoltaic configurations and so on [1–8]. For this purpose, 
the boost [9], positive output elementary super lift Luo 
converter [10] and negative output Luo converter [11] can 
achieve a high voltage gain. Unfortunately, in practice, there 
is no any inductor (or capacitor) at the output (or input) node 
of these converters, which leads to a highly distorted output 
voltage and pulsating current. Also, both adding transformers 
and cascade connections can be applied to create new 
topologies with a high voltage gain [12]. However, additional 
problems are raised, such as large switching current surge, 
significant conduction and transformer core losses, high 
volume of these converters and control complexity. Recently, 
research has been focused on the transform-less voltage-lift 
power converters. This method is a good way to boost the 
output voltage in arithmetic progression. It is effectively used 
in design of transformerless single-switch converters. The 
voltage lift converters have been addressed in many 
literatures [13]. As a novel circuit solution, positive output 
self-lift Luo converter has the merits of non-pulsating output 
voltage with a very small ripple, step-up voltage gain and 
inherent protection against overload [14].  

The research on the large-signal modeling and control 
strategy is essential to develop the industrial applications of 
dc/dc converters such as positive output self-lift Luo 
converter. In practice, diodes, circuit components and 
parametric resistances impact on the converter function and 
contribute to present voltage drops, resulting in a deviation 
between the practical output voltage and its theoretical value. 
Thus, a closed loop feedback control scheme is needed to 
obtain a regulated output voltage. The main objective of this 
paper is to perform the output voltage trajectory-tracking task 
of this converter. 

There exists two major conventional techniques for 
modeling of high order complicated topologies; namely, 
signal flow graph and state-space modeling methods. The 
first method has been used for many power converters [12]; 

however, some components are ignored in the dynamical 
model, therefore, the closed loop system may be unstable 
against operating point variations of dc/dc converters. It 
creates the controller unsuitable for large signal models. 
Hence, in this paper, the state space averaging technique is 
applied to the positive output self-lift Luo converter.  

From control viewpoint, many research studies have been 
focused on the output voltage control of dc/dc converters. 
The small-signal analysis is accomplished in [15] 
considering the parasitic elements. The design and analysis 
of a double loop proportional-integral (PI) controller is 
performed in [16] using the classical approaches. 
Conventional PI-type controllers are usually applied in 
industry, because of their simple design and ease of 
implementation. But these cannot predict the closed loop 
system response in a wide range of operation conditions.  

Among nonlinear methods, the discrete real time 
modeling for digital control of pulse width modulation 
(PWM) converters has been suggested in [17]. Furthermore, 
the fuzzy-rule-based controllers have been presented for 
converters in [18], aiming to guarantee the output voltage 
convergence toward a particular value. However, these 
controllers have some drawbacks such as the unexpected 
complications in the stability analysis and the requirement of 
excessive amount of computation. It is broadly shown that 
variable structure methods such as sliding mode controller 
(SMC) are one of the best candidates to stabilize highly 
nonlinear time-varying switching converters [19].  

It is a kind of nonlinear control strategies and can provide 
much better control performance particularly in some 
circumstance when the voltage of the input source or output 
resistance has a large range of change. In addition, hysteresis 
modulation-based sliding mode control (HMSMC) is a 
conventional approach applied in research for power 
converters. So far, various types of HMSMC such as simple 
and optimized methods are reported for power converters 
and other nonlinear systems in [20,21]. In this method, a 
discontinuous control law is utilized to force the designed 
sliding surface to approach zero from any initial conditions. 
The bad feature of HMSMC is that it has some switching 
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properties, which occur at high frequency to remove 
deviations of sliding surface. However, from a practical 
viewpoint, real components cannot switch at very high 
frequencies. Therefore, a practical HMSMC operates at 
finite and non-constant switching frequency, resulting in 
chattering problem [22]. Accordingly, to eliminate the 
chattering phenomenon, different methods have been 
proposed in [23] to find a method to keep the switching 
frequency constant. There are three major techniques 
namely, the high order sliding mode method, the adaptive 
sliding mode control and indirect fixed frequency sliding 
mode controller. Although the first method cannot ensure 
that the SMC is continuous, the second controller can result 
in the robustness deterioration with respect to the system 
uncertainties, due to the mismatch between the adaptive 
observers and system plant.  

To solve these problems, the third one is an effective 
method to deal with chattering without using discontinuous 
functions. On the other hand, constant frequency SMC is a 
continuous controller keeping all main features of traditional 
SMC when the disturbances exist in the system model. So far, 
the continuous sliding mode voltage controllers (CSMVC) 
with first order and second order sliding surface have been 
proposed for controlling the output voltage of the Boost 
converter in [24,25].  

However, the non-minimum phase converters under the 
CSMVC should operate in a limited range of working 
conditions, otherwise, the closed loop system will be 
unstable. In the recent attempt for implementing other types 
of continuous SMCs with fixed frequency for non-minimum 
phase dc/dc converters, references [26,27] are adopted 
respectively, the simple continuous sliding mode current 
controller (CSMCC) and single integral-based continuous 
sliding mode current controller (SICSMCC), which can 
reduce the complexity, but not completely suppress the steady 
state error of the state variables of the converters. It is also 
understood that this steady state error varies as the operating 
point and switching frequency of the converter change. A 
perfect solution is adoption of high order sliding manifold.  

Based on the mentioned discussions, the goal of this paper 
is to design an indirect CSMCC for a positive output self-lift 
Luo converter by using double-integral sliding surface and 
to improve the dynamical performance of the proposed 
system under large load and input voltage variations. The 
design procedure is done in three steps. First, using 
averaging technique derives the model of the positive output 
self-lift Luo converter. Then, an enhanced sliding manifold 
is defined by adding an integral term of the current and 
voltage error and double integral term of the voltage error to 
ensure the controller robustness and alleviate the steady state 
error of the output voltage of the converter. Finally, the 
controller parameters are selected by using the equivalent 
control technique.  

The static and dynamic performances of the designed 
system are validated in various operating conditions and a 
comparison between the characteristics and properties of the 
proposed double-integral-based fixed frequency sliding 
mode current controller (DICSMCC) and simple continuous 
SMC is provided. The organization of this paper is as 
follows: In Section 2, circuit operation of the proposed 
converter is investigated, and key advantages of the 
converter are compared with other conventional converters. 
In Section 3, the proposed controller is designed based on the 

converter model. In Section 4, the practical results are 
presented and finally, the conclusions are given in Section 5.  

 
(a) 

 
(b) 

 
(c) 

Fig. 1. – The power circuit of a self-lift positive output Luo converter; (a) 
topology; (b) the converter in the switch-ON mode; (c) the converter in the 

switch-OFF mode. 

2. MODELING A POSITIVE OUTPUT SELF-LIFT 
LUO CONVERTER 

The power circuit diagram of a positive output self-lift Luo 
converter is illustrated in Fig. 1a. It is comprised of a switch Q, 
two diodes D1 and D2, three capacitors C1, C2 and C3, and two 
inductors L1 and L2. R is the symbol of output resistance. Also, 
vC1, vC2 and vO are the voltage of capacitors C1, C2 and C3, 
respectively. iL1 and iL2 are the current of the inductors L1 and 
L2, respectively. Consider d as the duty cycle of the converter 
and T as the time period of the converter. In the time interval of 
0 < t < dT, switch is on, D1 conducts and D2 is in offstate. For 
this mode, the input inductor L1 and capacitor C2 are charged 
by input voltage E.  

The capacitors C1, C3 and output inductor provide the energy 
to the output resistance. The first mode is shown in Fig. 1b. In 
the time interval of dT < t < T, the switch is off, D2 is in on-
state and D1 off. In this condition, iL1 and vC2 supply the output 
energy. The second mode is shown in Fig. 1c. If value of the 
capacitor C2 is selected large enough, it is assumed that vC2 is 
constant and equal to E for all time periods. The converter 
works based on the PWM principles and is described in 
continuous conduction mode (CCM) by using the 
instantaneous model. The mathematical equation of the 
converter corresponding to Fig. 1b, can be obtained as follows:  

  Switch-on mode (1) 

The mathematical equation of the converter that 
corresponds to Fig. 1c, can be expressed as follows: 
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   Switch-off mode (2) 

Combining the above equations, the state-space equation 
of the converter is given as follows:  

  (3) 

where u is “1” for the switch-on mode and “0” for the switch-
off mode. By considering the time-derivative of all the 
variables to be equal to zero, due to the quantities are almost 
constant, the equilibrium point of the positive output self-lift 
Luo is given in (4).  

  (4) 

Also, , , , ,  are the average value of 
, , , ,  in steady state region, respectively.  

3. FIXED FREQUENCY SLIDING MODE CURRENT 
CONTROLLER (FFSMCC) BASED ON HIGH-

ORDER SLIDING SURFACE 

The proposed CSMCC for the positive output self-lift Luo 
converter is defined as follows: 

  (5) 

where , ,  and  are the controller parameters,  

is scaling factor,  and  are the reference signal of the 

inductor current and output voltage. At the beginning of the 
controller design, it is remarked that the controlled state 
variables are the inductor current error ( ) and output 
voltage error ( ) of the converter. The logic function 

 shows the two-states position of the 
switch for reaching condition of phase trajectories. By using 
the converter’s behavioral model under supposition of CCM 
operation, the time derivative of (5) can be given as: 

  (6) 

where  denotes the instantaneous current of the output 
capacitor. The equivalent control signal of the proposed 

system is determined by solving , which gives 

eq. (7). Also, the parameters of this equation are shown in 
(8).  is bounded and continuous and takes values in the 
interval of [0,1]. It is noticed that the gain  is intentionally 
used to keep the denominator of the obtained signal at a 
limited amount level in practice. The developed CSMCC, 
which works at a constant frequency, is constructed via a 
pulse width modulation (PWM) scheme by using a set of 
derived control laws. 

 

Fig. 2. – The proposed DICSMC for positive output self-lift Luo converter. 

Figure 2 indicates an overview of the proposed CSMCC 
for the positive output self-lift Luo converter. It should be 
noticed that two current sensors are used for the controller 
implementation. But the inductor current should be 
essentially measured to provide a robust response for right-
half-plane-zero (RHPZ) system.  

 , (7) 

  (8) 

3.1 PARAMETER SELECTION   

The invariance condition guarantees the system stability 
in any equilibrium point. By checking the condition, the 
suitable range of the controller gains is achieved. The sliding 
manifold designed in this research for the DICSMCC 
comprises both the current and voltage as state-space 
variables. The selection of the controller parameter to attain 
the invariance condition isn’t inherently performed as in 
voltage-controlled systems by designing the controller-
converter system for some predicted dynamical properties. 
Hence, this paper uses the equivalent control method and to 
obtain the controller coefficients. The stability condition 
should be investigated on its equilibrium point by 
determining the dynamical equation of the converter. Based 
on the equivalent control principles [21,22], the switch status 
( ) of the converter in (3) should be substituted by to 

obtain the ideal dynamical equation of the converter under 
the proposed controller as (9).  

1α 2α 3α 4α

dI dV

Ov
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  (9) 

Equation (9) is used to show the closed-loop stability. The 
By substituting (7) into (9), equation (10) can be given. It is 
assumed that a stable equilibrium point exists on the sliding 
manifold when the state errors are finally settled. This point 
of equilibrium can be obtained by (4). The ideal dynamics of 
the controlled system (10) can be expanded into DC and AC 
terms expressed in equation (11). 

  (10-a) 

  (10-b) 

  (10-d) 

  (11-a) 

  (11-b) 

  (11-c1) 

  

(11-c2) 

  
(11-d) 

  

(12-a) 

  

(12-

b) 

  

(12-c) 

  (12-d) 

  (12-e) 

The dc terms are equal to their desirable values. Also, 
these are constant and much larger than ac expressions. Thus, 
the following relations are valid: , 

, , , , , , 

, , , , . 
Using these steady state conditions and after some 
manipulations, eq. (11) can be simplified as eq. (12). Let 

 and   be the Laplace transforms of  and , 
respectively where  is the complex frequency. After using 
Laplace transform, the transfer function of eq. (12) can be 

s
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obtained as follows:  

  (13) 

where , , 

, , , 
,

 

,

, . 

The transfer function (13) has been obtained starting from 
the mathematical model (12). Next, by using the Routh-
Hurwitz criterion and to have a stable system, the condition 
(14) should be fulfilled. 
  (14-a) 
  (14-b) 
  (14-c) 

  (14-d) 

  (14-e) 

  (14-f) 

Solving eqs. (14a-d), it yields: 
 . (15) 

It is hard to provide an analytical solution for (14a-f). Hence, the 
numerical method should be applied to find the solutions to 
guarantee (14a-f). For simplicity, it is assumed that the scaling 
factors  and  are 0.1. The parameters of the converter are 

listed in Table 1. The range of the controller coefficient for 
satisfaction of inequities (14a-f) is shown in Fig. 3. Hence, the 
synthesis of the controller gains should provide a solution within 
the obtained region to ensure stability. There are infinite numbers 
of solutions for , ,  and . The parameter design can be 

explored by investigating the frequency domain performance of 
the proposed system. The appropriate performance is given from 
the simulations and the practical results with the phase margin 68.5 
at the gain crossover frequency of 1651 Hz for operating point of 
VO = 36 V, E = 12 V, R = 36 W. Hence, the constants of 

, ,  and  are chosen heuristically to show 

the desired results.  

 

Fig. 3 – The range of the controller parameters corresponding to Routh-
Hurwitz criterion. 

 

 
Fig. 4 – Configuration of the positive output self-lift Luo converter circuit 

with the designed DICSMCC. 

4. RESULTS AND DISCUSSIONS 

The proposed controller performance for the converter is 
verified in various conditions via practical results. Furthermore, 
an experimental set-up of the designed DICSMCC has been 
constructed in analogue platforms. In practice, analogue 
implementation is preferred to digital control, due to high 
sampling frequency. Table 1 shows the specification of a low 
power positive output self-lift Luo converter used in this paper. 
The improved DICSMCC is designed to provide an under 
damped behavior with fast response. 

Table 1 

Nominal parameters of the proposed system. 

Parameter Symbol Value 
Minimum input voltage  9 V 
Maximum input voltage  18 V 
Nominal output voltage  36 V 
Minimum output current  0.375 A 
Maximum output current  1 A 
Minimum output power  13.5 W 
Maximum output power  36 W 

Selected inductors ,  330 µH, 600 µH 

Selected capacitors , ,  100 µF 
Output resistance  36, 48, 96 Ω 

Nominal switching frequency  50 kHz 

Figure 4 shows the full schematic diagram of the converter 
with the DICSMCC. IRFZ44N and MBR20150C are chosen 
for power switch and diodes [28,29]. The input and output 
inductors with ferrite core and value of 330 µH/10 A and 
600 µH/5A and three electrolytic capacitors with the value of 
100 µF/100V are used in the prototype circuit. The input 
inductance and output capacitor currents are measured using 
the ACS712-20A sensors [30] and, the voltage measurement 
is done applying the resistive dividers. 

In this work, the high slew rate OP-AMP LF351 is used for 
the signal amplification [31]. Furthermore, an optocoupler 
device TLP250 is utilized to isolate the control circuit from 
power stage [32]. In addition, AD734 IC is used for division 
operation [33], and the switching frequency is set at 50 kHz. To 

2
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show the controller robustness, the desired current signal  is 

disabled. Different experiments are performed for evaluation of 
the control scheme performance with respect to output load 
control and line control. It is assumed that the converter operates 
under the condition of 9 V input voltage and 3.6 V. The 

transient waveforms of the output voltage and inductor current 
are observed to validate the stability performance. The system 
response is shown in Figs. 5a-c for different output resistances, 
i.e. 36, 48 and 96 Ω, respectively. It can be easily seen that for 
these cases, the output voltage and current are reached from zero 
to steady state region with settling time of less than about 50 ms 
for all conditions. Moreover, under the condition of 36 V output 
voltage and 36 W load, the dynamic behavior in the start-up 
region is observed to show stability performance. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 – Output voltage and inductor current waveforms of a positive 
output self-lift Luo converter with a 9V input voltage, output voltage of 

about 36 V; (a) R = 36 W; (b) R = 48 W; R = 96 W 

Here, the control performance of the proposed controller for 
the Luo converter is evaluated and compared with the simple 
CSMCC against load and input voltage variations. In the case 
of both controllers, the converter operates at 36 V output 
voltage, 12 V input voltage and 48 W load resistance in steady 
state region. The output resistance is suddenly changed from 

48 to 96 W. The experimental results for this condition are 
shown in Fig. 6.  
 

 

Fig. 6 – The dynamic response of the improved and simple controller 
against load changes for E = 12 V and he load steps-up from 48 to 96 W. 

It can be observed that the voltage overshoot is 2 V and 
settling time is about 20 ms. However, in the case of the simple 
CSMCC the voltage cannot return to initial condition after the 
change.  Also, assuming the output load of the converter steps-
down from 48 to 36 W. The practical behavior of the converter 
voltage for this condition is illustrated in Fig. 7 for the 
improved DICSMCC and simple CSMCC. 

 

Fig. 7 – The dynamic response of the improved and simple controller against 
load changes for E = 12 V and the load steps-down from 48 to 36 W. 

Form these figures, it is inferred that the output voltage with 
the simple CSMCC suffers from a large steady state error after 

dI

@dV
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the variations. 
Analogously, the dynamic performance of the converter 

with the improved and simple controllers against the input 
source voltage variation is verified. The nominal value of the 
output resistance R, input voltage and output voltage are set 
at 48 W, 18 V and 36 V. The input voltage is dropped to 
bellow 10 V. The experimental results are depicted in Fig. 8. 
In the case of improved DICSMCC, the output voltage goes 
back to 36 V after 30 ms. However, the output voltage of the 
Luo converter with the simple CSMC has a larger error of 
about 6 V after this change. Therefore, it can be understood 
that the proposed DICSMCC can well regulate the output 
voltage with a good transient performance for the large 
change of the input voltage (for example 50% drop). 

 
Fig. 8 – The dynamic response of the output voltage against input voltage changes 

from 18 to 9 V for R = 48 W for the improved controller and simple controller. 

Furthermore, the excellent consistency of the dynamic 
response evidently confirms the superior characteristics of 
the developed controller for large parametric fluctuations. 

5. CONCLUSION 

In this paper, a continuous sliding mode controller with 
fixed switching frequency has been designed for output 
voltage control of a positive output self-lift Luo converter in 
CCM operating conditions based on the high order sliding 
surface to eliminate the chattering problem of hysteresis 
modulation sliding mode controllers. The parameters of the 
proposed control method have been obtained based on 
making the converter system stable and robust against 
parametric uncertainties, load variations and with respect to 
disturbances of the input voltage. A simple PI compensator 
in cascade with a first order sliding mode controller or two 
cascaded conventional PI compensators can also be used for 
output voltage control of the Luo converter. However, these 
control strategies are not strong with respect to converter 
uncertainties, load disturbances and parameter variations as 
mentioned above. Furthermore, two cascaded first order 
sliding mode controller has been used for comparison in this 
paper. Using analogue components, the effectiveness and 

accuracy of the proposed approach has been investigated by 
practical results. It will be helpful to enrich the understanding 
and promote the practical aspects corresponding to high-
order complicated dc/dc converters. 

Received on August 3, 2020 
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