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ABSTRACT

This paper presents a systematic design procedure for
sliding mode voltage controlled buck converters oper-
ating in continuous conduction mode. The discussion
covers different practical aspects related to the design.
A simple and easy-to-follow design procedure is also
described. Experiments were performed to validate the
design procedure.

1. INTRODUCTION

Sliding mode (SM) controllers were introduced ini-
tially for variable structure systems (VSS) [1], [2]. Al-
though well known for their stability and robustness
towards parameter, line, and load variations (ability to
handle large transience), SM controllers are seldom
used in power converters. This is mainly due to the
lack of understanding in its design principle by power
supply engineers [3], as well as the lack of a system-
atic procedure in existing literature, which can be used
to develop such controllers. This can be attributed to
the fact that much of the work on the subject has been
reported from the control’s viewpoint, rather than the
circuit’s viewpoint. Hence, the focus had been on the
theoretical aspects of the control, while the practical
aspects of the implementation are rarely discussed [3],
[4].

Thus, the objective of this paper is to introduce a
simple approach that is easily applicable in the devel-
opment of a sliding mode voltage controlled (SMVC)
buck converter, to bridge the gap between the con-
trol principle and circuit implementation. To present
a complete exposition, mathematical derivations and
theoretical analyzes which extend from the work of [4]
are firstly performed.

2. THEORETICAL DERIVATION

2.1. Mathematical Model of Ideal Sliding Mode
Controlled Buck Converter

Fig. 1 shows the schematic diagram of an SMVC buck
converter. Here, thevoltage errorx1 and thevoltage
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Fig. 1. Basic structure of an SMVC buck converter.

error dynamics(or the rate of change of voltage error)
x2 under CCM, can be expressed as

x1 = Vref − βVo

x2 = ẋ1 =
β

C

(
Vo

RL

−

∫
uVi − Vo

L
dt

)
(1)

whereC,L,RL are the capacitance, inductance, and
load resistance respectively;Vref , Vi, andβVo are the
reference, input, and sensed output voltage respec-
tively; u = 1 or 0 is the switching state of power switch
SW. Then, by differentiating (1) with respect to time,
the state space model can be obtained as
[
ẋ1

ẋ2

]
=

[
0 1

− 1

LC
− 1

RLC

] [
x1

x2

]
+

[
0

Vref

LC
− βVi

LC
u

]
. (2)

For this system’s model, it is appropriate to have a
control law

u =

{
1 = ‘ON’ when S > 0

0 = ‘OFF’ whenS < 0
(3)

whereS is the instantaneous state variable trajectory
and is described as

S = αx1 + x2 (4)

andα is the control parameter (termed as sliding co-
efficient) to be designed. To achieve reachability and
asymptotic stability, the system must obeyS · Ṡ < 0,

which gives0 < L
(

1

RLC
− α

)
iC + Vo < Vi, where

iC represents the capacitor current. Next, it is also
known that during SM operation (S = 0), α controls
the dynamic response of the system with a first order
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time constant ofτ = 1

α
. To ensure thatα is high

enough for fast dynamic response and low enough to
maintain a large existence region [4], it is proposed to
setα = 1

RLC
.

2.2. Design of a Practical SM Voltage Controller

2.2.1. Redefinition of Sliding Line

SM controller requires the continuous assessment of
the parametersx1 andx2 for its control. By substitut-
ing (1) into (4) and settingα = 1

RLC
, we have

S = k1(Vref − βVo) + k2iC (5)

wherek1 = 1

RLC
and k2 = − β

C
. Here, the terms

(Vref − βVo) and iC are the feedback state variables
that should be amplified by gain coefficientsk1 andk2

respectively, before a summation is performed. How-
ever, noting that capacitanceC in power converters is
usually in the microfarad (µF) range, its inverse term
will be significantly higher thanβ and RL. When
combined, it results in an overall gain coefficientsk1

andk2 that are too high for practical implementation.
If forcibly implemented, the feedback signals may be
driven into saturation, making (5) unreliable for the
control.

In view of that, it is simpler to reconfigure the
switching function to the following description:

S =
C

β
αx1 +

C

β
x2 =

1

βRL

(Vref − βVo) − iC . (6)

Thus, the practical implementation ofS becomes in-
dependent ofC, thereby reducing the amplification of
the feedback signals. Although there is modification to
the switching function, the maximum existence region
and response time is maintained atτ = 1

α
.

2.2.2. Introduction of Hysteresis Band

Ideally, the converter will switch at infinite frequency
with its phase trajectory moving on the sliding line
when it enters SM operation. In the presence of switch-
ing imperfections (switching time constant and delay),
this is not possible. The discontinuity in the feedback
control produces a particular dynamic behavior in the
vicinity of the surface trajectory known as chattering
[1], [2]. If chattering is uncontrolled, the converter
system will be self-oscillating at a very high switching
frequency corresponding to the chattering dynamics.
This is undesirable as high switching frequency results
in excessive switching losses, inductor and transformer
core losses, and EMI noise issues [5]. Furthermore,
with switching frequency being unpredictable, the de-
sign of the converter and the selection of the compo-
nents will be difficult.

To solve these problems, the control law in (3) is
redefined as

u =

{
1 = ‘ON’ when S > κ

0 = ‘OFF’ whenS < −κ
(7)

whereκ is an arbitrarily small value. The reason for
introducing a hysteresis band with the boundary condi-
tionsκ and−κ is to create a dead region−κ ≤ S ≤ κ

where no changing of switching state can occur. The
maximum switching frequency of the SM controller
can therefore be controlled by varyingκ.

2.2.3. Calculation of Switching Frequency

To control the switching frequency of the converter,
the relationship between the hysteresis bandκ and
switching frequencyfS must be known. From [2], for
α = 1

RLC
, we derive

∆tOFF =
2κ

− 1

βL
x1 + Vref

βL

=
2κL

Vo

∆tON =
−2κ

− 1

βL
x1 + Vref−βVi

βL

=
2κL

Vi − Vo

(8)

where∆tOFF and∆tON are respectively the turn-off
and turn-on time durations of the switch. Therefore,
the total period for one switching cycle is

T = ∆tOFF + ∆tON =
2κL

Vo

(
1 − Vo

Vi

) . (9)

Since the cycle is repeated (cyclic) throughout the SM
steady-state operation, the frequency of the converter
when it is operating in SM can be expressed as

fS =
1

T
=

Vo(1 − Vo

Vi
)

2κL
. (10)

Considering thatVi andVo are non-constant param-
eter consisting of respectively dc signals ofVi andVo

and time varying perturbations of̃Vi and Ṽo, we can
resolve (10) intofS = fS + f̃S using small-signal ap-
proximation where

fS =
Vo

(
1 − Vo

Vi

)

2κL
(11)

f̃S =
Ṽo

(
1 − 2Vo

Vi+Ṽi

)

2κL
(12)

with fS representing the steady-state (nominal cyclic)
switching frequency and̃fS representing the ac varying
(perturbed) frequency of the converter. For the con-
troller’s design, only (11) is required since only nom-
inal steady-state operating conditions will be consid-
ered.

3. A STANDARD DESIGN PROCEDURE

3.1. Standard SMVC Converter Model

Fig. 2 shows the proposed SMVC buck converter.
Similar to conventional schemes, the feedback sensing
network forVo is provided by the voltage divider cir-
cuit, R1 andR2. Additionally, a low resistance current
transformer is placed in series with the filter capacitor
to obtain the capacitor current,iC .
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Fig. 2. A standard SMVC buck converter.

3.2. Design Steps

The design of the buck converter is well covered in the
literature [5]. This discussion starts with the assump-
tion that the parameters are known, and are given in
Table 11.

Table 1. Specifications of Buck Converter
Description Parameter Value
Input voltage Vi 24 V
Minimum capacitance Cmin 4 µF
Critical inductance Lcrit 34.28µH
Desired switching frequency fSd 200 kHz
Load resistance RL 6 Ω

Desired output voltage Vod 12 V

Step 1

The current sensing gain,H, is set at a value such that
the measured capacitor current,iC(mea) is equal to the
actual capacitor current,iC . Next, setting reference
voltageVref = 3.3 V,β = Vref

Vod
= 0.275. SinceR1 and

R2 are related byR2 = β
1−β

R1, choosingR1 = 870Ω
givesR2 = 330Ω.

Step 2

From (6), the gain required for the amplification of the
signal (Vref − βVo) is 1

βRL
. Hence,RV1 and RV2

are related byRV1 = (βRL)RV2. ChoosingRV2 =
20 kΩ, we getRV1 = 33 kΩ. Additionally, the resis-
tors,RDIF, for the difference amplifier circuit:UD, are
chosen as 10 kΩ.

Step 3

The parameter of the hysteresis band,κ, can be ob-
tained from the re-arranged form of (11), i.e.,

κ =
Vod

(
1 − Vod

Vi

)

2fSdL
(13)

1The parameters are calculated on the basis that the converteris
to be operated in CCM forVi = 13 V to 30 V andiR = 0.5 A to 4 A.
The maximum peak to peak ripple voltage is 50 mV.

κ

P Q RS TP Q USS TP Q URS TPVWX Q UUSYZ[ T
Fig. 3. Calculatedκ values for inductances of 50µH,
100µH, 110.23µH (actual inductance), and 150µH at
switching frequencies of up to 300 kHz.

whereVi, Vod, andfSd are the nominal parameters of
the converter. A plot giving the calculatedκ values
for different inductances and switching frequencies is
shown in Fig. 3. The actual inductance,Lact, used in
the design is 110.23µH. It should be noted thatLact ≥

Lcrit for CCM. Thus, substitutingL = 110.23µH into
(13),κ is calculated as 0.136.2

Step 4

The setting ofκ for the hysteresis band can be per-
formed by adjusting the ratio ofRST1 and RST2 of
US, using an equation derived from the mathematical
description of a non-inverting Schmitt Trigger, i.e.

RST2 =
RST1(VCC

+ − VCC
−)

2κ
(14)

whereVCC
+ andVCC

− are respectively the positive
and negative voltage supplies to Schmitt TriggerUS.
ChoosingRST1 = 110 Ω givesRST2 = 12 kΩ.

4. EXPERIMENTAL RESULTS

4.1. Verification of Design Equation

Fig. 4 shows the graphs of the converter’s average
switching frequencyfS for differentκ values at nomi-
nal operating condition, that are obtained from calcula-
tion, simulation, and experiment. Specifically, the cal-
culation is performed using the proposed design equa-
tion (11) and the simulation is carried out in Mat-
lab/Simulink using the circuit expression of the pro-
posed controller. Basically, the simulation and experi-
mental data are in good agreement with the calculated
data. The small discrepancy between the experimen-
tal data and both the calculated and simulated data is

2The presence of hysteresis band in switching function intro-
duces an error in the output voltage. It is important to limit the hys-
teresis bandκ to a small value to minimize this error. On the other
hand, ifκ is too small, it may be very sensitive to change ofκ (i.e.
high df/dκ). A good value is to setκ in the range 0.1≤ κ ≤ 0.2.
Otherwise, a different inductance may be used to keepκ within the
range.
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Fig. 4. Calculated, simulated, and experimentally mea-
sured average switching frequenciesfS at nominal op-
erating conditionVi = 24 V andRL = 6Ω for different
hysteresis bandκ settings.

mainly due to component tolerances and finite time de-
lay of practical circuitries. In practical development,
fine tuning ofκ is still required to achieve the desired
fS.
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Fig. 5. Experimentally measured average output volt-
ageVo at Vi = 24 V andRL = 3, 6, and 12Ω for
different hysteresis bandκ settings.

Fig. 5 shows the graph of measured average output
voltageVo againstκ for load resistancesRL = 3, 6,
and 12Ω. From the figure,Vo is notably lower with
lower RL. A major point to highlight is that at lowκ,
i.e., high switching frequency, the voltage regulation
is tighter and more accurate. In our design, by setting
0.1 ≤ κ ≤ 0.2 in the design, we limit the voltage
accuracy within±0.12 V (i.e. < 1 % of Vod) error.

4.2. Steady-State Performance

The controller is fine-tuned to a switching frequency
of 200 kHz by replacingRST2 with a 16 kΩ resistor,
thereby settingκ = 0.1. Fig. 6 shows an example of
the ouput waveforms of the SMVC buck converter at
steady-state operation. Performing to design expec-
tation, the converter operates at an average switching
frequency offS = 199 kHz, with small frequency fluc-
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Fig. 6. Waveforms of̃Vo, iL, andu at steady-state op-
eration under nominal operating conditionsVi = 24 V
andRL = 6 Ω.

tuations, and the output voltage ripplẽVo (without con-
sidering the ringing oscillation) is around 10 mV (i.e.
< 0.1 % of Vod), under nominal operating condition.

5. CONCLUSIONS

A detailed analysis of the design principle of a SMVC
buck converter is presented. The discussion takes into
consideration the practical aspects of the converter.
The sliding line for a ideal controller is redefined to
meet practical limitations. A hysteresis band is in-
troduced to the sliding line to the solve the problem
of chattering. The relationship between the hystere-
sis band and the switching frequency is derived. To
facilitate implementation, a standard SMVC converter
module is introduced. Its design guidelines is verified
through experiment.
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