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 Higher efficiency and lower losses are widely considered as the best metrics to optimize, in 
a high-power converter performance context. To provide a solution to the ever-increase of 
high switching frequencies challenges, we must explore soft-switching technologies to 
resolve interface issues and reduce the switching losses. This manuscript describes a 
comparative analysis between the fixed-bandwidth (FBW) and the variable-bandwidth 
(VBW) of the hysteresis modulation (HM) based on the conventional sliding mode (CSM) 
strategy. The two adopted techniques are applied to a bidirectional multichannel DC-DC 
asynchronous Buck converter. The cells are parallel-connected and operating in 
continuous conduction mode (CCM). The objective is to have a system that is more stable, 
more efficient and able to cope with variations in input voltage, load and desired output 
voltage. That requires, first, to attenuate the non-linearity phenomenon of the conventional 
sliding mode by placing a hysteresis modulation. Then, after applying this technique, we 
confronted the dilemma of the variable switching frequency. Our hypothesis was to 
incorporate a variable bandwidth of the hysteresis modulation. The results obtained under 
parametric variation clearly show the areas where significant differences have been found 
between the two approaches. Likewise, they both share several key features. Simulation 
studies in the MATLAB® / Simulink™ environment are performed to analyze system 
performance and assess its robustness and stability. 
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1. Introduction 

DC-DC converters, with many different topologies, represent 
a hotspot in modern technology and have revolutionized switching 
control. Although the characteristics of power electronics, in terms 
of nominal voltage and current values, continue to improve, the 
range of applications continues to expand in several areas 
including energy storage, automation, transport, high power 
industrial drives and transmission / distribution of electrical energy 
[1], [2]. Whereas the needs for higher efficiency, reliability, 
modularity in high electronics power, multicellular converters are 
on the rise. Studies [3–6] based on a parallel multiphase topology 
have shown that the latter provides better performance, lower 
losses, reduced cost, and fast dynamic responses. Parallel-
connected multi-cell DC-DC converters have an important role in 

several applications such as inverters, powertrain systems and 
equipment of the power factor correction and they have countless 
advantages, the major one is to enhance performances such as 
energy efficiency and high capacity [7–11]. One approach 
dedicated to small converters is to run them at a higher switching 
frequency, this will reduce the size of reactive components 
(inductors and capacitors) and it contributes to the improvement of 
the output voltage’s quality of the converter. High losses in the 
IGBT switches remains the major limitation of the high 
frequencies, which reduces efficiency. Significant information and 
in-depth investigations in the same framework can be found in 
these studies [12–18]. 

Higher efficiency and more stringent control features of power 
electronics become very attractive. Nonlinear Sliding mode 
controllers applied to parallel multi-cell converters combine 
control concepts with multiple sliding surfaces and integral 
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variable structure. They are easy to design, robust and shows good 
transient and stable performances. Furthermore, they restrict the 
switching frequency variation, mitigate the undesired transient 
response and achieve a good compromise between transient and 
stationary performances. Hence, there are two ways of control 
involved for multicellular converters. The first consists in 
controlling the multi-commutations with phase shifting from one 
another, one therefore speaks of interleaving. The second is to 
apply the same control signal simultaneously to the multi-
switchings, it is therefore synchronicity. The controllers developed 
for paralleled multiphase converters take into consideration most 
of the characteristics mentioned above [19]. To date, several 
researchers have reported that these control schemes have many 
desirable features:  easy-designed because each sliding surface is 
independently controlled, smooth transient responses tested under 
parametric variations, eliminate the problem of chattering, the 
impact of high switching frequencies is managed by the integrators. 
All these promising results have been experimentally proven on a 
closed loop system. Previous studies proposed to use the extended 
linearization method for the design of the sliding mode controller, 
and then improving robustness using the combined controllers. 
Thus, they developed a procedure to choose the high-pass filter 
parameters of the sliding mode-controlled converters. In addition, 
they presented derivatives of sliding mode control, including the 
direct /indirect sliding mode, the integral sliding mode, the 
proportional sliding mode and the high order sliding mode [20–28]. 
As far, sliding mode control has been widely studied and has 
proven to be a future solution for generations of power converters, 
yet, it suffers from the problem of high frequency oscillation 
(chattering) due to the practical limitations of system components 
and the problem of switching frequency variation by applying the 
traditional sliding mode.  

This leads us to propose an implementation of the sliding mode 
controller by hysteresis function. The implementation is easy to 
reproduce and does not require additional auxiliary circuits or 
complex calculations. The introduction of a hysteresis band as the 
limit conditions of the sliding mode, delays the period of states 
exchange and gives a sign to control the switching frequency of 
the system, and therefore, the trajectory of the system variates in 
close proximity to the excesses of the band. So, the practical 
problem of chattering will be solved. Particularly, boundary layer-
based control schemes allow multicell converters to operate with a 
fixed switching frequency [29–35]. This strategy will be fully 
covered in the rest of our work. The remainder of the paper is 
organized as demonstrated: In Section II, the adopted system is 
described and modeled. Section III reviews the control mechanism 
based on the sliding mode controller. Section IV is devoted to 
analyze the simulation results and to discuss the effectiveness of 
the control strategies. The conclusion is reported in Section V. 

2. Paralleled Non-Isolated Multi-Cell Converter 

The studied three-cell DC-DC buck converter is shown in 
Figure 1. It consists of a constant DC input voltage source Vin 
connected to three similar modules sharing a resistive load R and 
a filter capacitor C. Each module is based on an implemented 
controllable power MOSFETs S, the antiparallel diode D that 
authorizes the embedded switch to exhibit a bidirectional current 
conduction property and a filter inductor L. Note that the parallel 

switching buck converter operates in continuous conduction mode 
(CCM). The three cells are identical, in other words, L1=L2=L3. 

 
Figure 1: Three-channel Buck converter parallel-associated  

The converter can be represented by a system of equations 
based on a model with mean values, then the system dynamics of 
the studied converter can be expressed as: 

                             Lj
in out

dI
L V D V

dt
= −                                    (1) 

out out
L

dv V
C I

dt R
= +                                      (2) 

Where ILj is the current flowing through inductance j = 1,2,3, 
IL the current at the output of the converter, Vin is the input voltage 
and Vout is the output voltage of our converter and Vref is the desired 
output voltage. The state of space can be expressed as: 

1

2 1
1 ( )

ref out

out out in out

x V V
dV V uV V

x x dt
dt C R L

= −
−

= = − = − ∫
              (3) 

This model can be used directly to simulate the converter, in 
MATLAB / Simulink type environment. 

3. Hysteresis Modulation-Based Sliding Mode Controller 

We propose two different control schemes, developed in the 
continuous domain, to stabilize parallel multi-phase standalone 
converter and compare them. The proposed sliding mode control 
(SMC) strategy based on hysteresis modulation (HM) 
automatically compensates for the parametric variations of the 
converter and the variation of the line impedance, such that it 
allows the three-cell paralleled converter to share the load and does 
not require the modules to be interconnected. We illustrate the 
fixed-bandwidth of the hysteresis modulation technique-based 
sliding mode control; however, this approach has accentuated the 
problem of variable switching frequencies that requires a high-
bandwidth current sensor. At this point in our work, we are 
interested in an adaptive and feedforward current control solution 
to overcome this problem and adapt a variable-bandwidth of the 
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hysteresis modulation to mitigate the nonlinearity phenomenon in 
conventional sliding mode control to fix the switching frequency. 

 Describing the mathematical model of the system in question, 
operating in CCM, and especially its states of space necessary for 
the design of the sliding mode voltage control (SMV), the 
reformed expression of the state of space is: 

 1 1

2 2

000 1
1 1 refin

x x
u VVx x

LC RC LC LC

          = + +       − − −             




        (4) 

Employing the sliding mode voltage control (SMVC) and 
taking into account the state trajectory that includes the control 
parameters x1 and x2, we can determine the switching function u. 

1 2S x x Jxα= + =                                       (5) 

[ ]
[ ]1 2
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J

x x x
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                                        (6) 

That forms the control law: 

1 ' '  
0 ' '  

ON When S k
u

OFF When S k
= >

=  = <
                        (7) 

The convergence conditions are the criteria that allow the 
dynamic errors of the system to converge towards the sliding 
surface. They are ensured by a judicious choice of the function of 
LYAPUNOV, which guarantees the attraction of variables to 
regulate to their references, to build the discontinuous control size 
and meet the stability criterion: 

0
lim  . 0
S

S S
→

<                                        (8) 

Thus, the existence condition for the adopted control strategy 
is: 

0     0
0     - 0

Jx for S
S

Jx for S
ξ

ξ
< < <

=  > < <




                          (9)                                       

where ξ is a positive quantity, infinitely small and arbitrarily 
chosen. 

Substituting (3) and (5), we find: 

1 ( )ref out CS V V i
R

= − −                              (10) 

The sliding coefficient is set as (11) and thus the above equation 
is valid: 

1
RC

α =                                           (11) 

We can therefore deduce the conditions of existence: 
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2 2 1

1 1( ) 0

1 1( ) 0

ref i

ref

V V
C x x

R L L
V

C x x
R L L

λ α

λ α

−
= − − + <

= − − + >

                (12) 

The bandwidth of the FBW regulator based sliding mode 
controller has been selected according to the following equation:   

0

0

( )
2. .
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Fixed Width
in

V V V
B
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 −
= ⋅ 

 
                    (13) 

                        0
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Hence, we focus on the adaptive feedforward current control 
technique in continuous conduction mode (CCM). So that, the 
expression of the current variation ∆IL, as a function of the input 
voltage Vin, the output voltage Vout, the switching frequency fw, 
and the value of the inductance L, can be shown as: 

( )
.

in out out
L

in

V V V
I

L fw V
 −

∆ = ⋅ 
 

                         (15) 

Still with the aim of ensuring the operation at fixed frequency 
of the proposed hysteresis modulator, a requirement is imposed, 
and that the hysteresis bandwidth must satisfy it, is: 

( )
2 2. .

in out outL
Variable Width

in

V V VIB
L fw V−

 −∆
= = ⋅ 

 
              (16) 

The dynamic performance of the two schemes needs to be 
demonstrated under conditions when some changes are imposed 
and a feedforward transient occurs. Simulations are performed for 
various cases of the circuit parameter variations: load changes, 
input voltage changes and reference voltage changes. 

4. Simulation Results and Robustness Assessment 

In this part, and to properly study the behavior and performance 
evaluation of the closed-loop converter and the various control 
techniques synthesized in the previous section, particularly when 
modifying the operating conditions, we will simulate the behavior 
of a 3-cell chopper connected to an R load. A robustness test was 
carried out to analyze the sensitivity of the strategies and the 
correctors implemented with regard to possible variations in the 
parameters of the model. For the parameter’s identification of the 
studied converter, we determine the nominal values of the 
inductance L and the capacitance C using the conditions below: 

 The current through the inductance, must be within a 
reasonable interval, for all the conditions of charge, 
because our converter is operating in continuous 
conduction mode. 

 The maximum ripple of the output voltage should not 
exceed a small percentage, usually 5% of the output 
voltage Vout. 

Taking these conditions into account, the LC filter must obey 
the conditions of the relationships below, where fw corresponds 
to the switching frequency and β is the duty cycle. 

( )
,max

1
.

in

out w

V
L

I f
β β≥ −

∆
                         (17) 
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Table 1 shows the specifications that we adopted of the studied 
buck converter simulated in the MATLAB® environment. 

Table 1: Specifications of The Paralleled Three-Channel Buck Converter 

Description Parameters Nominal Value 

Input voltage Vin 24 V 

Capacitance C 60 µF 

Inductance L 50 mH 

Resistance R 12 Ω 

Switching frequency fw 400 kHz 

Desired output 
voltage Vref 12 V 

Figure 2 duplicates the variation of the average switching 
frequency as a function of the input voltage variation. The VBW 
HM-based SMC adaptive feedforward control reduces switching 
frequency variation compared to the FBW HM-based SMC control. 
This result highlights the major contribution of our work, thanks to 
the developed strategy, we achieve a significant reduction in the 
variation of the switching frequency.  

Figure 3 and Figure 4 show the output voltage response for the 
two control strategies used. it seems clear that the system operating 
with VBW HM-based SMC achieves the best compromise passing 
from the transient regime to the stationary regime. Thus, its 
transition response is smoother, more stable, without overshoot 
and with less chatter, on the other hand, the response of our system 
under the control of the FBW HM-based SMC is faster but it 
represents more variation in amplitude of the oscillations, with an 
overshoot.  

It appears clearly from Figure 5 and Figure 6, during an 
increase/decrease in resistance (50% variation) every 0.2s, that the 
closed-loop output voltage response reacting with the FBW HM-
based SM exhibit an undesired transient drop that lasts a few 
seconds and disturbs the smoothness of the output voltage 
followed abruptly by a steady-state. While, in the other case, the 
system compensates for a transient drop in a soft way. Through the 
output current simulation results, we can observe that the VBW 

HM-based SM goes perfectly with the load changes to even almost 
assure that there is no transient regime. Figure 7 and Figure 8 point-
out the output voltage response and the output load current 
response for the two controllers when the system undergoes a 
change in the input supply (Vin varied from 24V to 50V) at 0.2s. 
For the two cases, the chattering increase, however, the output 
voltage and the output load current vary around the reference 
values. The zoom in clearly shows an increase in the amplitude of 
the oscillations accompanied by an upward shift of the output 
voltage in steady-state regime when the input voltage increases, it 
comes down to the variation of the switching frequency.  

Figure 9, Figure 10, Figure 11 and Figure 12 present the output 
voltage response and the output load current response for the two 
controllers when the system undergoes a change in the output 
reference (Vref varied from 12V to 20V). Switching from one value 
to another is almost similar, there is no big difference except that 
the VBW HM-based SM is more precise. The carried-out 
simulations show extremely encouraging outcomes as far as 
reference tracking effectiveness and robustness, a quick estimation 
of the control law permits a quicker dismissal of the unsure load 
impact. They demonstrate the propriety of sliding mode control for 
such sort of framework.  

The results in terms of stability assessment and performance 
analysis under system parameters variation are recapitulated in 
Table 2. 

 
Figure 2:  The variation of the average switching frequency as a function of the 

input voltage variation. 

 
Table 2: Comparative Performances of FBW HM-SMC with VBW HM-SMC 

 FBW HM-based 
SMC 

VBW HM-based 
SMC 

Load variation 

Time of compensation 0.01 s 0.015 s 

The drop width 0.22 V 0.13 V  
Amplitude of 
oscillations ±0.15 V ±0.1 V 

Response time 0.02 s 0.03 s 
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Input variation 
 Amplitude of oscillations 

For 𝑡𝑡 < 0.2 𝑠𝑠 ±0.14 V ±0.12 V 
For 𝑡𝑡 > 0.2 𝑠𝑠 +0.3 V 

-0.15 V 
±0.12 V 

Reference variation 
Time of transition 0.015 s 0.03 s 

Amplitude of 
oscillations 

±0.14 V ±0.12 V 

 

 
Figure 3: (a) The Output voltage response for the FBW HM-based SMC. (b) Zoom in 

 
Figure 4: (a) The Output voltage response for the VBW HM-based SMC. (b) Zoom in 

 
Figure 5: (a) The output voltage response. (b) The output load current response.  

Both for the FBW HM-based SMC when the system undergoes a slight change in the load resistance. 
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Figure 6: (a) The output voltage response. (b) The output load current response.  

Both for the VBW HM-based SMC when the system undergoes a slight change in the load resistance.                                                        

 
Figure 7: (a) The output voltage response. (b) The output load current response.  

Both for the FBW HM-based SMC when the system undergoes a change in the input supply. 

       
Figure 8: (a) The output voltage response. (b) The output load current response.  

Both for the VBW HM-based SMC when the system undergoes a change in the input supply. 

 
Figure 9: (a) The output voltage response for the FBW HM-based SMC when the system undergoes a change in the output reference. 

 (b) Zoom in. 
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Figure 10: (a) The output voltage response for the VBW HM-based SMC when the system undergoes a change in the output reference. 

 (b) Zoom in. 
 

 
       Figure 11: (a) The output load current response for the FBW HM-based SMC when the system undergoes a change in the output reference. 

 (b) Zoom in. 
 

 
 Figure 12: (a) The output load current response for the VBW HM-based SMC when the system undergoes a change in output reference. 

 (b) Zoom in 
 

5. Conclusion 

The variable-bandwidth hysteresis modulation is favored 
because it ensures the chattering suppression caused by the 
switching of the MOSFETs and provides high efficiency since it 
offers a greatly desired output voltage tracking. The VBW HM-
based SMC is faster to the point that the response time at 5% is 
mostly short. His appropriate dynamic accuracy is characterized 
by zero overshoot during the transient regime for the output 
voltage response, contrariwise to the FBW HM-based SMC that 
represents 2.5% overshoot. The output voltage regulation is 
improved from 2% (Vin=24V) to 0.15% (Vin=24V) through the 
VBW HM-based SMC. Add to that, the frequency variation is 
reduced from 30% to 15% with the developed strategy. The 
various control techniques provide similar performances, they 
have improved the dynamic conduct and they can adapt to include 

voltage and load varieties. The use of variable bandwidth 
hysteresis modulation and fixing of the switching frequency leads 
to large scale dynamics. 
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