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Abstract—This paper presents the digital design of Sliding Mode Controller (SMC) for synchronous buck converter for 
high switching frequency and low power application. The buck converter is designed for a voltage mode control with PWM 
technique having switching frequency of 3MHz. It will step down the input voltage of 3.6V to output voltage of 0.9V with 
duty ratio of 25% and maximum load current of 800mA. The buck converter output voltage is maintained constant 
irrespective of load variations. The digital SMC is implemented on Spartan 3E FPGA Kit using Xilinx System Generator 
Tool. Using digitally controlled SMC, an Undershoot of 0.33% for load variations of 0.4A to 0.6A and 1.11% for load 
variations of 0.4A to 0.8A with very fast Settling Time of 2.5µs is achieved.  
 
Index Terms— Synchronous buck converter, Digital SMC, Spartan 3E FPGA Kit, Xilinx System Generator Tool, 
Undershoot and Settling Time. 
 
I. INTRODUCTION 
 
When compared to linear power supplies, switching 
mode power supplies (SMPS) provide easy 
integration, high efficiency, small dimensions and 
weight. SMPS have been widely used in numerous 
portable communication systems such as smart 
phones, digital cameras, tablets, navigation systems, 
medical equipment and other low power devices. 
Typically these devices require several independent 
supply voltages each usually different from the 
voltage supplied from the battery or external ac to dc 
power supply. In all these portable devices a constant 
supply voltage is required for proper operation of the 
chips. Hence there is a need to maintain a constant 
supply voltage irrespective of changes in load current.  
Due to many disadvantages of using analog control in 
DC-DC SMPS, the present trend is to go for digital 
control in DC-DC SMPS. Some of the advantages of 
digital control include   Advanced control algorithm 
implementation, Flexibility and programmability, 
Size miniaturization and high frequency, Less 
susceptible to component and variations, which is a 
not possible using analog control techniques.  
In this paper a digital sliding mode(SM) controlled 
buck converter for low power applications is 
presented.  The buck converter is modeled using 
Matlab-Simulink. The SMC is also incorporated into 
the buck converter for closed loop operation. A 
comparison of open loop buck converter and SMC 
controlled buck converter is made with respect to 
their transient response using Matlab-Simulink. 
This paper is organized as follows. Section II reviews 
Voltage mode control of DC-DC converter. Section 
III discusses Digital control in DC-DC SMPS. 
Section IV explains Synchronous buck converter 
design. Section V explains the digital design of SMC. 
Section VI shows Simulation results of open loop 
buck converter and SMC controlled buck converter. 
Section VII shows the FPGA implementation of SMC 

and hardware-software co-simulation. Section VIII 
summarizes main results of this paper. 
 
II. VOLATGE MODE CONTROL OF DC-DC 
CONVERTER 
 
Fig.1 shows the Voltage mode control of DC-DC 
converter using SMC as compensator [1]. Vin is the 
input voltage, Vo is the output voltage. Vo is compared 
with the reference value of voltage Vref. If Vo is equal 
to Vref then the error is zero. If Vo > Vref or Vo < Vref 
then corresponding error signal Ve will be generated 
as Ve = Vref – Vo. The error signal Ve is fed to the 
compensator block which in turn generates a signal 
Vc that is proportional to the duty ratio d. This Vc is 
compared with a constant switching saw tooth 
waveform using a comparator. The pulse will be 
generated and this pulse which is directly 
proportional to d  will be given to the DC-DC 
converter, which drives the switches of the DC-DC 
converter and there by maintains the inductor voltage 
constant  and thus the output voltage remains constant 
which will be now equal to the reference value. 
 

 
Fig.1. Voltage Mode Control of DC-DC Converter 



International Journal of Industrial Electronics and Electrical Engineering, ISSN: 2347-6982 Volume-3, Issue-7, July-2015 

Design And FPGA Implementation Of Sliding Mode Controller For Buck Converter 
 

49 

III. DIGITAL CONTROL IN DC-DC SMPS 
 

 
Fig.2. Block Diagram of Digitally Controlled Buck Converter 

 
Fig.2. shows the block diagram of digitally controlled 
buck converter [2]. The digital controller consists of 
three blocks ADC, Control Law and Digital PWM 
(DPWM) as shown in the figure. The output voltage 
Vout is compared with the reference value Vref and the 
error signal which in analog in nature will be 
generated if Vout <  Vref or Vout > Vref. If Vout is equal 
to Vref then error e will be zero.  As SMC is a digital 
controller the analog error signal e should be 
converted into digital/discrete signal. This is done 
with the help of Analog to Digital converter (ADC). 
The control Law block generates a discrete signal 
which is proportional to the duty ratio. This discrete 
signal d[m:0] is given to DPWM block where in the 
discrete signal is converted back into analog signal 
c(t) to drive the switches of the buck converter, thus 
the output voltage is maintained constant such that 
Vout conforms to the reference value Vref.   
 
IV. SYNCHRONOUS BUCK CONVERTER 
DESIGN 
 
This section covers buck converter topology with a 
fixed switching frequency, pulse width modulation 
(PWM) and operation in the continuous current mode 
(CCM) [3]. Four design parameters are required. 1. 
Input voltage Vin of 3.6V, 2. Output voltage Vout  of 
0.9V, 3. Maximum output current Iout(max) of 800mA 
and 4. Converter’s switching frequency fsw of 3MHz.  
Fig.3 illustrates the circuit and basic components for 
a buck converter 

 

 
Fig.3. Buck Converter Circuit. 

A. Inductor Selection: 
The buck converter is assumed to be operating in 
CCM and it implies that inductor does not fully 
discharge during the switch-off time.Eq(1) gives 
minmimum value of inductor. 

 
Where fsw is the buck converter switching frequency 
and LIR is the inductor current ratio expressed as a 
percentage of Iout. An LIR of 0.2 represents a good 
tradeoff between efficiency and load transient 
response.  

Peak current through the inductor determines the 
inductor’s required saturation-current rating, which in 
turn dictates the approximate size of the inductor. 
Inductor’s peak operating current is calculated as 
follows: 
 

 
 

B. Output Capacitor Selection: 
Output capacitance is required to minimize the 
voltage overshoot and ripple present at the output of a 
buck converter. Large overshoots are caused by 
insufficient output capacitance, and large voltage 
ripple is caused by insufficient capacitance as well as 
a high equivalent series resistance (ESR) in the output 
capacitor. The ESR values must be as low as possible 
to reduce the ripple in the output voltage. The output 
capacitance Co is calculated as follows. 

 
 
V. DESIGN OF SLIDING MODE CONTROLLER 
 
Sliding mode control (SMC) was introduced initially 
for the robust control of variable structured systems 
(VSS). VSS are systems physically changed 
intentionally during time with respect to the structure 
control law. SMPS converters are non-linear system 
in nature due to their switching property and SMC is 
also a non-linear controller.  
The basic principle of SMC is to employ a certain 
sliding surface as a reference path, such that the state 
variables trajectory can be directed towards the 
desired equilibrium. The purpose of the switching 
control law is to drive the nonlinear plant state 
trajectory onto a pre-specified (user-chosen) surface 
in the state space and to maintain the plant state 
trajectory on this surface for subsequent time [4]. The 
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main idea of SMC is to bring and keep the error on a 
sliding surface such that the system is insensitive to 
the disturbances and parameter changes. 
 

 
Fig. 4. Graphical representation of SMC process 

 
The SMC design approach consists of two 
components: The first step is to build a sliding 
surface with different control objectives and the 
second step is to determine the existence of sliding 
motion and ensure the stability.Fig.4 shows the 
graphical representation of the plant state trajectory 
behavior in SMC process. 
 
A. System modeling for PWM based SMC: 
 

 
Fig.5. The schematic diagram of a PID-type SMC for a 

digitally controlled buck converter 
 
The first step to the design of a SMC is to determine 
the state variables in terms of the desired SMC [5]. 
The sliding mode controller involves the output 
voltage error and its integral and differential portions. 
Besides the differential portion, it also takes into 
account an additional voltage error integral term to 
reduce the steady-state dc error of the output voltage.  
If the output voltage of buck converter Vout less than 
the reference value Vref, the error x1 is positive. The 
error signal S is proportional to the error signal x1 
which means S(x) > 0. The error is above the sliding 
surface as shown in Fig.4. The error has to be brought 
back to the sliding surface such that the rate of 
change of error signal S(x) should be less than zero. 
So SMC will generate a discrete signal Ueq which is 
proportional to the duty ratio of the converter and 
thus the error is minimised by increasing the on time 
of the switch Q1 and thus the output voltage remains 
constant. 
If the error is negative that means the error is below 
the sliding surface as shown in Fig.4 then the error 
has to be brought back to the sliding surface such that 
the rate of change of S(x) should be greater than zero. 
Hence, SMC will generate a signal Ueq which is 

proportional to the duty ratio of the converter and 
thus the error is minimised by decreasing the on time 
of the switch Q1 and thus the output voltage remains 
constant [6,7]. 
In Fig.5 the output voltage Vout is the SMC control 
objective, K = [K1, K2, K3] 

T is the sliding parameter 
of SMC and the control variable x can be expressed 
as: 

 
 

VI.     SIMULATION RESULTS 
 
The simulation of open loop buck converter and SMC 
controlled buck converter is performed using Matlab-
Simulink software. The results of both open loop and 
closed loop are compared.  
Fig.6 shows the Matlab-Simulink model for open 
loop buck converter. The buck converter block and 
PWM block is modeled using subsystem in Simulink. 
The input voltage of 3.6V is given to the buck 
converter with duty cycle of 25% and the load current 
is varied from 0.4A to 0.8A.  
 

 
Fig.6. Simulink model for open loop buck converter 

 

 
Fig.7. Simulation results for open loop buck converter for load 

variations from 0.4A to 0.8A 
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Fig.8. Simulation results for open loop buck converter for load 

variations from 0.4A to 0.6A 
 
Fig.7 shows the simulation results of open loop buck 
converter. We can observe that the output voltage is 
having an undershoot of 17.77% with settling time of 
350µs for load variations from 0.4A to 0.8A. Fig.8 
shows the simulation results for load variations from 
0.4A to 0.6A having undershoot of 11.11% with 
settling time of 400µs. 
Fig.9 shows the Matlab-Simulink model for SMC 
controlled buck converter. The buck converter block, 
SMC block and DPWM block is modeled using 
subsystem in Simulink. The output voltage from the 
buck converter is compared with the reference value 
Vref of 0.9V and the error is converted into discrete 
signal which is then given to the sliding mode 
controller. The DPWM block converts the discrete 
PWM value from SMC block into analog PWM 
signal that is continuous in nature which drives the 
switches of buck converter and thus maintains the 
output voltage to be constant irrespective of load 
current variations. 
Fig.10 shows the simulation results of SMC 
controlled buck converter. We can observe that the 
output voltage is having an undershoot of 1.11% with 
settling time of 2.5µs for load variations of 0.4A to 
0.8A. Fig.11 shows the simulation results for load 
variations from 0.4A to 0.6A having undershoot of 
0.33% and settling time of 2.5µs . 
 

 
Fig. 9. Simulink model for SMC controlled buck converter 

 
Fig.10. Simulation results for closed loop buck converter for 

load variations from 0.4A to 0.8A 
 

 
Fig.11. Simulation results for closed loop buck converter for 

load variations from 0.4A to 0.6A 
 
VII.  FPGA IMPLEMENTATION AND 
HARDWARE CO-SIMULATION 
 
The hardware-software co-simulation of SM 
controlled buck converter is performed in 
Matlab/Simulink environment using Xilinx system 
generator tool. It is performed to validate the design 
operating on FPGA. The digital SM controller, 
Spartan 3E board with the XC3S500E-4FG320 
FPGA. Fig. 12 shows the modeling of digitally 
controlled buck converter in simulink. Fig. 13 shows 
the system generator based Sliding mode controller 
for buck converter.  
Before performing hardware-software co-simulation, 
a  simulink  library is to be created containing new 
hardware co-simulation block. The hardware 
implementation is then executed by connecting the 
board to the PC, thereby, closing the loop. The Xilinx 
ISE program then generates the bit file and loads it 
into FPGA through a standard JTAG connection. Fig. 
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14 shows the hardware-software co-simulation model 
of digital controller. 
 

 
Fig.12 The modeling of digitally controlled buck converter 

 

 
Fig.13 Sliding mode controller implementation through xilinx 

system  generator. 
       

 
Fig. 14 Hadrware/software co-simulation block for the 

controller 
 
One of the most important analysis performed during 
FPGA implementation is timing analysis. The System 
Generator timing analysis tool can be used to perform 
timing analysis.  It clearly displays the specific paths 
that will fail in hardware. The slack parameter should 
not be negative. Fig. 15 shows the timing analysis 
report for the design.  
The time-domain behavior of digitally controlled 
buck converter is studied in MATLAB/Simulink 
environment. Fig. 16 shows the co-simulation results 
for load variations 0.4A to 0.8A and Fig. 17 shows 
the co-simulation results for load variations from 
0.4A to 0.6A and it matches with that of the output 
which was earlier simulated using all Simulink 
blocks. 

 
Fig 15. Timing Report 

 

 
Fig. 16 Co-simulation results for load variations from 0.4A to 

0.8A 
 

 
Fig. 17 Co-simulation results for load variations from 0.4A to 

0.6A 
 
Table 1 gives the comparison of dynamic response of 
open loop buck converter and SM controlled buck 
converter for various load conditions. It is observed 
that Sliding mode controller provides consistent 
performance when compared to open loop buck 
converter. This validates the robustness and good 
dynamic characteristics of SM controller. 
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TABLE 1: COMPARISON OF DYNAMIC 
RESPONSE OF OPEN LOOP BUCK 

CONVERTER AND SM CONTROLLED BUCK 
CONVERTER 

 
 
CONCLUSIONS 
 
In this paper, the digital design of SMC for buck 
converter for switching frequency of 3MHz with 
output voltage of 0.9V is performed. The load current 
is varied from 0.4A to 0.6A/0.8A. Both open loop 
and closed loop system models are simulated using 
Matlab-Simulink and compared. The hardware 
implementation of SMC using Xilinx System 
Generator with Spartan 3E XC3S500E-4FG320 
FPGA has been successfully performed and the 
results are verified with Simulink environment. It is 
observed that SM controlled buck converter gives 
good dynamic response when compared to open loop 
buck converter. The undershoot has been reduced 
from 11.11% to 0.33% with load variations from 
0.4A to 0.6A and from 17.77% to 1.11% with load 
variations from 0.4A to 0.8A. Also, the SMC has a 

very fast setting time of 2.5µs when compared to 
open loop buck converter. 
Hence SMC is preferred to control the output voltage 
of buck converter due to the following advantages: It 
is robust as it is insensitive to load disturbances and 
uncertainties, easy to design and implement, shows 
good stability for large load variations and SMC has 
fast dynamic response. 
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