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Abstract: This paper presents a systematic design procedure for hysteresis modulation based sliding mode control of 

DC-DC buck converter in continuous conduction mode. SM control is a type of nonlinear control which has been 

developed primarily for the control of variable structure systems. It has a high degree of flexibility in its design choices; 

the SM control technique is relatively easy to put into practice as compared to other nonlinear control methods. The 

design method and mathematical modeling for the Buck Converter has been explained. In this paper the sliding 

coefficient for the controller has been chosen based on satisfying the hitting, existence and stability conditions. The 

controller equations for buck converter have been resultant and modeled using MATLAB/SIMULINK. 
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I. INTRODUCTION 

One of the most significant features of the sliding mode 

regime in variable structure systems (VSS) is the capacity 

to attain responses that are independent of the system 

parameters[4].  

 

From this vision, the Buck DC/DC converter is 

appropriate for the application of the SMC, which the 

system is controllable if every state variable can be 

exaggerated by an input signal in figure.1.Power 

electronics circuits transfer electric power from one form 

to another using electronic device. It has the function of 

using semiconductor devices as switches, thus controlling 

a voltage or current. Power electronic converters are key 

stone in power systems.  

 

All power electronics converters are mostly variable 

structured in their control methodologies, exist it linear or 

nonlinear. DC-DC Converter is the circuits which transfer 

sources of direct current (DC) from one voltage level to 

another. The calculated output voltage will not be the 

same to the desired output voltage due to external 

disturbance like noise, wide input voltage variations, load 

variations and change in the parameter value. To get the 

desired output irrespective of the external disturbances 

control is required.  

 

An application of SMC includes switched-mode power 

supplies, fuel cells, high voltage dc power transmission, 

efficient heating and lighting. But SMC is having the 

chattering event which is exhibited due to the high 

frequency and non-deterministic switching control signal. 

The introduction of Hysteresis band with boundary state is 

to limit this problem of chattering [6]. 
 

 

 

 
Fig.1. General Control block diagram of buck converter 

 

Mainly DC–DC converters are designed with a closed-

loop feedback controller to deliver a regulated output 

voltage. The main purpose is to guarantee that the 

converter operates with a small steady-state output error, 

fast dynamical response, low overshoot, and low noise 

susceptibility, as maintaining high efficiency and low 

noise production.  

 

These entire design criterions can be achieved through the 

proper selection of control strategies, circuit parameters 

and components [1], [6]. Buck converter is used for the 

applications where necessary output voltage is lower than 

the source voltage. The dissimilarity between conventional 

control methodologies and the actual SM control method 

can be eminent by the way in which the controllers are 

being designed.  

 

In this SM control primarily the mathematical 

representation of the Buck converter for the précised 

output has been modeled. Then the control parameters are 

chosen by fulfilling the hitting condition, the existence 

condition, and the stability condition of the SM control 

law.  
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The calculation of switching frequency, hysteresis band 

and the controller equations is derived. The control 

structure is formed and then it is simulated using 

MATLAB/SIMULINK. 

 

II. BUCK CONVERTER MODELING 

Designing a Buck Converter using the specifications: 

Input      Voltage Vs=24V; Output Voltage Vo=12V; 

Frequency=25 KHz; Variation in inductor current is about 

20% and Output voltage ripple is less than 2%. 

 

For the specifications mentioned above the values are 

calculated and tabulated: 

 
TABLE I. DESIGN VALUES FOR BUCK CONVERTER 

IL  2A 

R 6Ω 

L 600μH 

C 8.33μF 

 

The Buck Converter is modeled for the above 

specifications. 

MODE1 :( S-On) 

 
Fig.2. Equivalent circuit when switch is on 

 
𝐝𝐢𝐋

𝐝𝐭
=

𝐕𝐬−𝐕𝐨

𝐋
       (1) 

 
 𝐝𝐕𝐨

𝐝𝐭
=  −

𝐕𝐨

𝐑𝐂
+

𝐢𝐋

𝐂
      (2) 

 

MODE 2: (S-Off) 

 
Fig.3. Equivalent circuit when the switch is off 

 
𝐝𝐢𝐋

𝐝𝐭
= −

𝐕𝐨

𝐋
       (3) 

𝐝𝐕𝐨

𝐝𝐭
= −

𝐕𝐨

𝐑𝐂
+

𝐢𝐋

𝐂
      (4) 

 

Combining equations (1), (2), (3), (4) 
𝐝𝐢𝐋

𝐝𝐭
=

𝐕𝐢∗𝐃

𝐋
−

𝐕𝐨

𝐋
     (5) 

𝐝𝐕𝐨

𝐝𝐭
=

 𝐢𝐋

𝐂
−

𝐕𝐨

𝐑𝐂
       (6) 

By using the above equations (5) and (6) the Buck 

Converter for continuous conduction mode have modeled  

 
Fig. 4.Simulink model of Buck Converter  

 

III. DESIGN PROCEDURE 

Step1: Structure modeling. 

Step2: Controller Design. 

(i) Derivation of hitting and existence Conditions 

(ii) Design of a practical SM voltage controller 

 (iii) Derivation of controller equations for Hysteresis 

Modulation based SM Controllers. 

 

STEP1:( STRUCTURE MODELING) 

To classify the state variables and to formulate gives the 

state space explanation necessary for the controller design 

 
Fig.5. General Block Diagram of the SM Voltage 

controlled Buck Converter 

Where  

iC,iL,ir  →Instantaneous currents of C, L and load 

resistance 

C,L,rL →capacitance, inductance and load resistance 

β →feedback ratio 

Vref,Vi,V→ reference, instantaneous input, instantaneous 

output voltages 

 

The state variables are: 

X =  
x1

x2
 =  

Vref − βVo
d

dt
 Vref − βVo 

       (7) 

x1 → Voltage error 

x2 → Change in the voltage error 

 

As of the Buck Converter model, the values for control 

variables are obtained. 

From equation (3) 

𝐢𝐋 = − 
𝐕𝐬𝐃−𝐕𝐨

𝐋
𝐝𝐭         (8) 

 

Control Variable x2 in terms of control parameters 

𝐱𝟐 =
𝐝

𝐝𝐭
 𝐕𝐫𝐞𝐟 − 𝛃𝐕𝐨   ; 

 

 x2 =  −
d

dt
βVo   

 
𝐝𝐕𝐨

𝐝𝐭
 =  −

𝐱𝟐

𝛃
  

 𝐱𝟐=β
𝐕𝐨

𝐫𝐋𝐂
+ 𝛃 

𝐕𝐬𝐃−𝐕𝐨

𝐋𝐂
 𝐝𝐭       (9) 
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Control Parameter for Buck Converter is: 

xbuck =  
x1 =  Vref − βVo 

x2 = β
Vo

rL C
+ β 

Vs D−Vo

LC
 dt
     (10) 

 

In differentiation of equation (10) with respect to time 

gives the state space explanation required for the 

controller design of Buck Converter 

𝐱 𝟏 =
𝐝

𝐝𝐭
(𝐕𝐫𝐞𝐟 − 𝛃𝐕𝐨) = 𝑿𝟐       (11) 

𝐱 𝟐 =  −
𝟏

𝐫𝐋𝐂
𝐱𝟐 −

𝟏

𝐋𝐂
𝐱𝟏 +

𝛃𝐕𝐬𝐃

𝐋𝐂
+

𝐕𝐫𝐞𝐟

𝐋𝐂
    (12) 

 

Writing equations (11), (12) in matrix form 

x    =  Ax + Bu + D    

 
x 1
x 2
 =   

0 1
−1

LC

−1

RC

  
x1

x2
 +  

0
−βVs

LC

 D +  
0

Vref

LC

     (13) 

 

Where u = Duty ratio 

 

STEP 2:( CONTROLLER DESIGN) 

The general SM control rule that adopts a switching 

function 

𝐮  =   
𝟏 = 𝐎𝐍;  𝐬 > 0
𝟎 = 𝐎𝐅𝐅;  𝐬 < 0

        (14) 

 

s   →  instantaneous state trajectory 

s   =   αx1+ x2         (15) 

=   JTx 

J = [ α,1] 

α→ sliding coefficient 

  

The sliding coefficient for the SM Voltage Controller is 

acquired, and then we have to find out with the conditions 

 

1) HITTING CONDITION 

 
Fig.6. Trajectory S converging to the sliding manifold in 

SM control method when the hitting state is satisfied. 
 

The purpose of hitting condition is to guarantee that in 

spite of the initial condition, the trajectory of the scheme is 

moved to the sliding surface according to the SM control 

process. From figure (6) the initial position of the 

trajectory (Si) is moved to the sliding surface S(S=0), 

which is situated at a distance away from sliding manifold 

ζ=0 then it is moved to the sliding surface S.  

At first state 

Vector xi          = x (t = 0) 

Trajectory Si = S (t = 0) 

 

The required condition to satisfy the hitting condition is 

the resulting control ui = u (t > 0) produces a state variable 

vector x (t > 0) and a controlled trajectory S (t > 0), which 

satisfies the variation: 

𝐒
𝐝𝐒

𝐝𝐭
< 𝟎 𝐟𝐨𝐫 𝐭 > 0  𝐚𝐧𝐝  𝐒 ≥ 𝛅     (16) 

 

The above condition is a partial consequence of the 

Lyapunov second theorem on stability. 

 

DERIVATION OF EXISTENCE CONDITION 

 
Fig.7. Trajectory S is converging to sliding manifold in 

SM control process 
 

Existence condition which ensures that the trajectory point 

S converges to sliding manifold and reaches the origin, 

irrespective of the initial state. 

 

To ensure the existence of SM process, the local reach 

ability condition is 

𝐥𝐢𝐦𝐬→𝟎 𝐬. 𝐬 < 𝟎        (17) 

 

Equation (17) must be fulfilled for the existence of SM 

control process.  

This can be expressed as, 

S =  
JTAx + JTBus→0+ + JTD < 0

JTAx + JTBus→0− + JTD  > 0
          

 

        (18) 

CASE1: (s →0+;s < 0) us→0+;  u = 1 

      =    [α  1]  
0 1
−1

LC

−1

RC

  
x1

x2
  + [ α  1]   

0
−𝛽𝑉𝑠

𝐿𝐶

 D +  
0

Vref

LC

  

      =    
−1

LC
x1 +  α −

1

Rc
 x2 +  

Vref −Vo

LC
 < 0 

x1  =   Vref − βVo           (19) 

x2    =  β[
Vo

rL C
+

1

LC
  VsD − Vo dt]          (20) 

λ1  =  α −
1

rLC

 x2 −
1

LC
x1 +

Vref − βVo

LC
< 0          (21) 

CASE2 :( s →0−;s > 0) us→0− =  u = 0 

s    =  JTAx + JTBu          (JTBu = 0) 

     =  [ α  1]   
0 1
−1

𝐿𝐶

−1

𝑅𝐶

  
x1

x2
  

     =  
−1

𝐿𝐶
 𝑥1 +  𝛼 −

1

𝑟𝐿𝐶
 𝑥2 +

𝑉𝑟𝑒𝑓

𝐿𝐶
          (22) 

λ2 =  α −
1

rLC

 x2 −
1

LC
x1 +

Vref

LC
> 0          (23) 

Where 

      𝜆1 = 𝐽𝑥 < 0   𝑓𝑜𝑟 0 < 𝑆 < 𝜀 

      λ2 = 𝐽𝑥 > 0   𝑓𝑜𝑟 − 𝜀 < 𝑆 < 0 
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As discussed in [6] the maximum existence region will 

occur when α =
1

rL C
. 

     

2) DESIGN OF A PRACTICAL SM VOLTAGE 

CONTROLLER 

S = α𝑋1 + 𝑋2  

From equation (19) and (20) 

S =
1

rL C
 Vref − βVo +  

−β

C
 iC     (24) 

S = kp1 Vref − βVo + kp2iC   

 

Where kp1 =
1

rL C
 and kp2 =  

−β

C
  

 

Capacitance C in the DC–DC converters is typically in the 

microfarad (μF) range, its inverse expression will be 

considerably higher than β and rL .The overall gains 

kp1 and kp2 will become too high for practical 

implementation. If forcibly implemented, the feedback 

signals may be determined into saturation, thereby causing 

equation (24) to give unreliable information for the 

control. 
 

Reconfigure the switching function: 
 

S =
C

β
αx1 +

C

β
αx2 = Qx  (25) 

Where,Q =  
C

β
α

C

β
   

x =  x1 x2 
T  

from equation (19) and (23) we get,  

S =
C

β
 

1

rLC
  Vref − βVo +

C

β
 
−β

C
 iC   

S =
1

βrL

 Vref − βVo − iC  (26) 

 

The modified switching function is independent of C, 

thereby reducing the amplification of the feedback signals. 

With this sliding line, the conditions for SM control to 

exist are 
 

λ1   =  
𝐶

𝛽
α −

1

βrL

 x2 −
1

βL
x1 +

Vref − βVs

βL
< 0  

λ2 =  
𝐶

𝛽
α −

1

βrL

 x2 −
1

βL
x1 +

Vref

βL
> 0  

Where 

 𝜆1 = 𝑄𝑥    𝑓𝑜𝑟 0 < 𝑆 < 𝜀 

 λ2 = 𝑄𝑥    𝑓𝑜𝑟 − 𝜀 < 𝑆 < 0 

 

3) DERIVATION OF CONTROLLER 

EQUATIONS FOR HYSTERESIS MODULATION 

BASED SM CONTROLLERS 

The introduction of hysteresis band with the boundary 

condition S=k and S=-k is to control the switching 

frequency of the converter.  

 

This scheme is developed to limit the chattering effect of 

SM control. To solve these problems, the control rule in 

equation (14) is redefined as, 

u  =   
1 =′ ON′       when s > 0
0 =′ OFF ′      when s < 0
𝑢𝑛𝑐𝑕𝑎𝑛𝑔𝑒𝑑   𝑜𝑡𝑕𝑒𝑟𝑤𝑖𝑠𝑒

  

 

Where κ is an arbitrarily small value 

Relation between switching frequency and k:   

 (Figure 10) shows the magnified view of the phase 

trajectory when it is operating in SM. 𝑓−and𝑓+ are the 

vectors of state variable velocity for   u = 0 and u = 1, 

respectively. 

∆𝑡1 =
2𝑘

∇𝑆 ∙ 𝑓−
   (27) 

∆𝑡2 =
2𝑘

∇𝑆 ∙ 𝑓+
 (28) 

Where 

∆𝑡1is the time taken for vector 𝑓−to move from position x 

to y  

∆𝑡2is the time taken for vector𝑓+ to move from position y 

to z.  

∇𝑆 ∙ 𝑓 
𝜕𝑆

𝜕𝑥𝑖

𝑛

𝑖=1

𝑑𝑥𝑖
𝑑𝑡

=
𝑑𝑆

𝑑𝑡
= 𝑆  

f  =   
𝑓−   𝑓𝑜𝑟 𝑢 = 0

𝑓+   𝑓𝑜𝑟 𝑢 = 1
     

 

 
Fig.8.the phase trajectory in SM operation. 

∆𝑡1 =
2𝑘

S u=0

=
2𝑘

𝜆2

 (29) 

∆𝑡2 =
−2𝑘

S u=1

=
−2𝑘

𝜆1

 (30) 

 

 By substituting equation (19) and (20) in the above 

equations, 

∆𝑡1 =
2𝑘

 
𝐶

𝛽
α −

1

βrL
 x2 −

1

βL
x1 +

Vref

βL

 (31) 

∆𝑡2 =
−2𝑘

 
𝐶

𝛽
α −

1

βrL
 x2 −

1

βL
x1 +

Vref −βVs

βL

 (32) 

 

T =∆t1 + ∆t2 

𝑇 =
−2𝑘𝑉𝑠

  
𝐶

𝛽
α −

1

βrL
 x2 

2

L +   
𝐶

𝛽
α−

1

βrL
 x2  2Vo − Vs +

Vo  V0−Vs 

L
−

1

βL
x1

 

𝑓𝑆 =
1

𝑇
 

 

𝑓𝑆 =
  

𝐶

𝛽
α −

1

βrL

 x2 
2

L +   
𝐶

𝛽
α −

1

βrL

 x2  2Vo − Vs +
Vo V0−Vs 

L
−

1

βL
x1

−2𝑘𝑉𝑠

 

Using  α =
1

𝑟𝐿𝐶
 , the above equation becomes, 

 𝑓𝑆 =
𝑉𝑜  1 −

𝑉𝑜

𝑉𝑠
 

2𝑘𝐿
 

      (33) 

Re-arranging the above equation, 
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k =
Vod  1 −

Vod

Vs
 

2fsd L
 

(34) 

 

TABLE II CONTROL PARAMETER FOR HSM 

CONTROLLER 

f 25kHz 

Ts  4 ∗ 10−5s 

α 200008.003s−1 

𝛽 0.275 

k 0.15 

Vref  3.3 

 

IV. SIMULATION RESULTS 

By fulfilling all the conditions the control parameter 

values are chosen for Controller, using these values the 

mathematic model for Hysteresis Modulation Based SM 

Voltage Controller for Buck Converter was simulated 

using MATLAB software. The response for source 

variation and load variations was obtained for the designed 

specifications Vi = 24V, load RL=6Ω and fs = 25 KHz. 

 
Fig. 9.Simulink Model of HSM Buck Converter 

 

 
Fig. 10.Simulink Model of Hysteresis SM Controller 

 

 
Fig.11. Output Voltage (Vo) and output Current (Io) 

waveform 

 
Fig.12. Peak to peak ripple in inductor current (0.4A), 

output voltage (0.2V) and output current is about (0.04A) 

 

 
Fig.13. Comparison of Pulse and Control Signal 

 

 
Fig.14. Output voltage and current waveform for a change 

in input voltage   at 0.03 sec from 13V to 30V 
 

 
Fig.15. Output voltage waveform for a change in reference 

voltage at 0.03 sec from 12V to 20V 
 

 
Fig.16. Output voltage and current waveform for a change 

in load resistance variation 3Ω to 24Ω at 0.03 sec from 

12V to 20V 
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Fig.17. Inductor current and capacitor current waveform 

comparing with pulse for a steady state input voltage 

 

V. CONCLUSION 

In this paper we have discussed in detail about the 

controller equations, calculation of switching frequency 

and the design method for the Hysteresis modulation 

based SM controller for Buck Converter in Continuous 

Conduction Mode and with the design values a 

mathematic model of SM Controller was obtained and the 

controller have been simulated using MATLAB 

/SIMULINK.  
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