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Abstract: A new approach implementing the sliding-mode controller is proposed for dc–dc con-
verters. The equivalent control input is used as the system control input, which results in a duty
cycle regulation control system. As designed, equivalent control input is maintained at a value
between 0 and 1, similar to the desired duty cycle value. Thus, constant switching frequency
can be achieved under changes of state conditions. Two sliding-mode controllers based on
this method are designed for positive output elementary Luo converter. Traditional small-signal
analysis is applied to study the close-loop system performance under proposed approach. Audio-
susceptibility, control-to-output transfer functions and output impedance are derived on the basis
of the small-signal model. It is shown that the proposed sliding-mode control approach retains
the advantages of traditional sliding-mode control, as well as achieve constant switching
frequency, which is decided by the input saw-tooth waveform. Results of the experiment are
reported for both controllers and they verify the theoretical analysis.

1 Introduction

The dc–dc conversion technology has been developing very
rapidly, and dc–dc converters have been widely used in
industrial applications such as dc motor drives, computer
systems and communication equipments. Among them,
positive output elementary Luo converters (POEL) [1, 2]
are series dc–dc converters possessing high-voltage transfer
gain and small ripple voltage and ripple current. Control for
them needs to be studied for the future application of these
good topologies.

Dc–dc converters are non-linear in nature. The design of
high performance control for them is a challenge for both
the control engineering engineers and power electronics
engineers. In general, a good control for dc–dc converters
always ensures stability in arbitrary operating condition.
Moreover, good response in terms of rejection of load
variations, input voltage changes and even parameter uncer-
tainties is also required for a typical control scheme.

After pioneer study of dc–dc converters [3], a great deal
of effort has been directed in developing the modelling and
control techniques of various dc–dc converters [4, 5].
Classic linear approach relies on the state averaging
techniques to obtain the state-space averaged equations
[3]. From the state-space averaged model, possible pertur-
bations are introduced into the state variables around the
operating point, and small-signal state-space equations are
therefore derived. On the basis of the equations, linear trans-
fer functions of the open-loop plant can be obtained. A
linear controller is easy to be designed with these necessary
transfer functions based on the small-signal state-space

equations. The procedure is well known [3]. However,
these methods cannot ensure stability under large variations
of state condition changes. They often perform unaccepta-
bly in large load and input voltage variations.

The sliding-mode control [6, 7] for variable structure
systems (VSSs) is an effective non-linear approach for the
control of dc–dc converters, which are VSS in nature.
Various studies in the application of sliding-mode control
for dc–dc converters have been reported in the past
several decades [8–12]. Different sliding surfaces are pro-
posed in those papers. All these traditional sliding-mode
controllers offer several advantages for control of dc–dc
converters, which includes stability under load and input
voltage variations, good dynamic response and simple
implementation [13]. However, a major problem exists for
traditional sliding-mode control: the switching frequency
of dc–dc converters under sliding-mode control is various
and is determined by some state variables such as the
inductor value and the hysteresis width [14].

This paper presents a new implementation method [15]
to achieve a constant switching frequency sliding-mode
control (CSFSMC). In detail, this method retains the advan-
tages of traditional sliding-mode control such as ability of
redefining the system trajectories, which is of first order
and defined in time domain. In addition, the proposed con-
troller has constant switching frequency. The proposed
method can be summarised as below: it is known that
sliding-mode control system is analysed with traditional
small-signal method. The proposed approach is achieved
by the concept of equivalent control input, which is of the
same meaning as duty cycle input of the dc–dc converters.
Thus, this equivalent control input can be used as the output
of the controller. In this case, the control system looks like a
traditional duty cycle control of dc–dc converters. The
resultant close-loop system can retain the advantages of
sliding-mode control and in addition, constant switching
frequency is maintained under variations of the operation
point and state conditions. The close-loop system can be
analysed with small-signal method as well. The necessary
transfer functions [16] such as control-to-output transfer
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function, input–output transfer function and the output
impedance can be derived.

The elementary circuit of POEL is selected as an example
in this paper. Two sliding surfaces are examined to derive
the proposed duty cycle controllers. It can be seen that
this method is widely applicable for other dc–dc converters
with special design of the sliding surface. In the analysis,
the instantaneous values of current and voltage are iX and
vX for the component X. The corresponding average
values are IX and VX. The input voltage and input current
are vin and iin. The output voltage and output current are
vO and iO.

2 Proposed approach: CSFSMC

The dc–dc converter bilinear state-space model can be
written as

_X ¼ Aðx; tÞ þ Bðx; tÞu ð1Þ

where t is the time, X [ <N the state vector, A [ =N and
B [ =N are state matrices, u the scalar input which often
takes two values as uþ and u2.

The sliding surface is a combination of state variables as

sðx; tÞ ¼ GX þ w ¼ 0 ð2Þ

where G is a 1 � N matrix as G ¼ [g1, g2, . . . , gN] which
has positive constant value. w is some reference value
calculated from the system state-space equation.

The control law of sliding-mode control is shown as

u ¼
uþ for sðx; tÞ . 0

u� for sðx; tÞ , 0

�
ð3Þ

The system is in sliding-mode if its representing point
(RP) moves on the sliding surface s(x, t) ¼ 0. Existence
condition and reaching condition are two requirements for
the stability of the sliding-mode controller.

The existence condition is represented as

lim
s!0

s
ds

dt
, 0 ð4Þ

This ensures that the system RP can slide across the sliding
surface.

The reaching condition means that the system RP will
reach the sliding surface despite the initial position of RP
in the state-space. If the system RP is in one substructure
initially and the switch input is kept constant according to
the sign of s(x, t), the system RP must be able to cross
the sliding surface in finite time and the sliding function
s(x, t) can change its sign correspondingly. This condition
can be verified by checking the derivative of s(x, t).
For example, the system RP is in the region where
s(x, t) , 0. The switch is set as u ¼ uþ according to the
switching law and the system state equation is Ẋ ¼ f(x, t, uþ).
It is then obtained

ds

dt
¼ Gf ðx; t; uþÞ þ _w ð5Þ

If ds/dt is kept at a constant positive definitive value,
the system RP will cross the sliding surface eventually
and the crossing time is decided by the value of ds/dt.

The analysis of sliding-mode control system on sliding
surface is often via the equivalent input. When on the

sliding surface, the sliding function satisfies

sðx; tÞ ¼ 0 ð6Þ

ds

dt
¼ G _X þ _w ¼ 0 ð7Þ

Combining (1) and (7) leads to

G _X þ _w ¼ GAðx; tÞ þ GBðx; tÞueq þ _w ¼ 0 ð8Þ

where the scalar control input is substituted by an equival-
ent control ueq that represents an input of the same meaning
as the duty cycle input. In conventional applications, refer-
ence part w is some constant value calculated from the
circuit parameters. The derivative of reference part w is
zero in such condition. Thus, (8) is changed to

G _X ¼ GAðx; tÞ þ GBðx; tÞueq ¼ 0 ð9Þ

On the assumption that [GB]21 exits, one can derive the
expression for the equivalent control

ueq ¼ �½GB�
�1GAðx; tÞ ð10Þ

Finally, by substituting (10) into (1), the close-loop system
state-space equation can be achieved as

_X ¼ ½I � BðGBÞ�1G�Aðx; tÞ ð11Þ

Equation (11) describes the system dynamics under
sliding-mode control. However, there is another problem
if one wants to use the equivalent control input as the
duty cycle control. The equivalent control input represented
in (10) contains no information about the reference and thus
the system is not controllable with direct use of equivalent
control. Thus, the reference part is proposed to be substi-
tuted with function of reference voltage with order higher
than 1, which makes its derivative still contain reference
information. In addition, the derivative of w should be
zero in steady state to satisfy (9). In this paper, the integral
of the error between the output voltage and the reference
voltage is recommended. Therefore the proposed sliding
surface is described as

sðx; tÞ ¼ GX þ

ðt

0

ðvO � VrÞ dt ð12Þ

In such case, the derivative of w contains the information of
reference voltage and it is zero in steady state, which also
satisfies (9). The equivalent control changes to

ueq ¼ �½GB�
�1
½GAðx; tÞ þ ðvO � VrÞ� ð13Þ

Because this control scheme uses the equivalent control as
the duty cycle input to the converter circuit, the converter
performance is the same as the open-loop circuit in the
steady state. Therefore the switching frequency can be
selected using the open-loop model according to the require-
ments of ripple voltage and current. Once the switching
frequency is chosen, the cross-over frequency of the low-
pass filter could be defined. The general control scheme
for this proposed approach is shown in Fig. 1.

The components of coefficients matrix G need not be all
non-zero numbers. It has been proved that part state infor-
mation is enough for achieving satisfactory control result
[12]. In the next section, the sliding surfaces which
contain one and two state variables are examined with the
proposed approach.
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3 CSFSMC for POEL converter

3.1 Model of POEL converter

Fig. 2 shows the topology of POEL converter. The equival-
ent circuits of POEL converter under switch on are shown in
Fig. 3a, and Fig. 3b shows the equivalent circuits under
switch off. This paper does not consider the circuit works
in discontinuous conduction mode.

The state vector includes four components as: inductor
current iL1

, capacitor voltage vC1
, inductor current iL2

and
the output voltage vO. The state vector is shown as

X ¼ ½iL1
vC1

iL1
vO�

T
ð14Þ

With equivalent circuits shown in Fig. 3, one can derive
the system open-loop state-space equation as

_X ¼ Aðx; tÞ þ Bðx; tÞu ð15Þ

where

Aðx; tÞ ¼

�
1

L1

x2

1

C1

x1

�
1

L2

x4

1

C2

x3 �
1

RC2

x4

2
66666666664

3
77777777775

and

Bðx; tÞ ¼

1

L1

ðx2 þ vinÞ

�
1

C1

ðx1 þ x3Þ

1

L2

ðx2 þ vinÞ

0

2
666666664

3
777777775

This equation also gives the steady-state information of
POEL converter if the discrete scalar input u is considered

as a continuous duty cycle input. If the operating point is
selected as u ¼ K (0 , K , 1), the operating point of the
state vector could be derived as

X ¼
K2vin

Rð1� KÞ2
Kvin

ð1� KÞ

Kvin

Rð1� KÞ

Kvin

ð1� KÞ

� �T

ð16Þ

u ¼ 1 means the switch S is ON all the time, the system
reaches a stable state which is represented as

X ¼ ½1 � Vin 0 0�T ð17Þ

u ¼ 0 means the switch S is OFF all the time, another
system stable state is obtained as

X ¼ ½0 0 0 0�T ð18Þ

If the switching frequency is f and the duty cycle is k, the
ripple of input inductor current iL1

is [2]

DiL1
¼

kVin

fL1

ð19Þ

The ripple of output voltage is [2]:

DvO ¼
kVin

16f 2C2L2

ð20Þ

3.2 Sliding surface with one state variable

The state variable can be chosen as the input inductor
current or output voltage for control of dc–dc converters.
For POEL converter, existence condition is not satisfied
for the sliding surface with only output voltage feedback.
The input inductor current is chosen in this paper. Therefore

G1 ¼ ½g11 0 0 0� ð21Þ

The sliding surface is

sðx; tÞ ¼ g11x1 þ

ðt

0

ðvO � VrÞ dt ¼ 0 ð22ÞFig. 2 Topology of POEL converter

Fig. 1 General control scheme of the CSFSMC

Fig. 3 Equivalent circuits of POEL converter during switch on
and off

a Switch on
b Switch off
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To study the stability of the controller, discrete switch
law is first chosen as

u ¼
0 when sðx; tÞ . 0

1 when sðx; tÞ , 0

�
ð23Þ

The existence condition is represented as

lim
s!0�

ds

dt
¼ lim

s!0�

g11

L1

vin þ ðx4 � VrÞ

� �
. 0 ð24Þ

lim
s!0þ

ds

dt
¼ lim

s!0þ
�

g11

L1

x2 þ ðx4 � VrÞ

� �
, 0 ð25Þ

Because it is in the vicinity of the sliding surface, it is
reasonable to say that x4 2 Vr is very small. vin and x2 are
positive. Therefore a large value of g11/L1 can satisfy the
existence condition.

The reaching condition is verified as follows. If system
RP is in a region where s(x, t) is negative, on the assump-
tion that system RP cannot reach the sliding surface, then
the switch should be kept on. The system RP will converge
to a point represented in (17). Correspondingly, the deriva-
tive of s(x, t) can be calculated as

lim
t!1

ds

dt

����
s,0

¼
g11

L1

vin � Vr ð26Þ

It can be seen that if g11 is selected properly, (26) can be a
positive constant value. Thus, s(x, t) will increase and
system RP will reach the sliding surface sooner or later. If
the system RP is in a region where s(x, t) is positive, the
proof is similar and the equation can be written as

lim
t!1

ds

dt

����
s.0

¼ �Vr ð27Þ

Vr is a positive constant, (27) is therefore satisfied. The
system RP will reach the sliding surface in finite time. In
summary, the requirements of G to satisfy the two con-
ditions is that

g11 .
L1Vr

vin

ð28Þ

The equivalent control input can be calculated using (13),
(15) and (21). It is shown as

ueq ¼
g11x2 � L1ðx4 � VrÞ

g11ðVin þ x2Þ
ð29Þ

In this paper, equivalent control will be used as the control
input compared with a saw-tooth waveform. A constant
switching frequency pulse-waveform is thus generated to
control the switch.

By substituting (29) into (15), the close-loop system on
the sliding surface can be obtained as

d

dt
X ¼

�
1

g11

x4 þ
1

g11

Vr

1

C1

x1 �
ðx1 þ x3Þðg11x2 � L1ðx4 � VrÞÞ

g11C1ðVin þ x2Þ

1

L2

x2 �
1

L2

x4 �
L1

g11L2

ðx4 � VrÞ

1

C2

x3 �
1

RC2

x4

8>>>>>>>>>><
>>>>>>>>>>:

ð30Þ

It is a non-linear equation. Setting the left side of (30) equal
to zero, it is found that this equation has only one

equilibrium point as

Xeq ¼
V 2

r

VinR
Vr

Vr

R
Vr

� �T

By introducing the perturbation around the operating
point as

X ¼ Xop þ DX
vr ¼ Vr þ Dvr

vin ¼ Vin þ Dvin

8<
: ð31Þ

The small-signal state-space equation is derived as

d

dt
X ¼ AS1

DX þ BS1
Dvr þ ES1

Dvin þ FS1
DiO ð32Þ

where

AS1
¼

0 0

Vin

C1ðVr þ VinÞ

�Vr

C1RðVin þ VrÞ

0
1

L2

0 0

2
6666664

0 �
1

g11

�Vr

C1ðVr þ VinÞ

L1Vr

g11RC1Vin

0 �
g11 þ L1

g11L2

1

C2

�
1

RC2

3
77777777775

BS1
¼

1

g11

L1Vr

g11RC1Vin

L1

g11L2

0

� �T

ES1
¼ 0 �

V 2
r

RC1VinðVin þ VrÞ
0 0

� �T

FS1
¼ 0 0 0 �

1

C2

� �T

The system stability and dynamic properties can be
examined from (32). If all the poles of matrix AS are in
the left plane, the close-loop system is stable on the
sliding surface. G should be selected according to (28)
and also to achieve satisfactory system dynamic response.
System stability because of the parameter uncertainties
can be studied by varying the parameters in the matrix
AS1

and examining its corresponding poles.
The input-to-output transfer function Gvin(s) and

reference-to-output transfer function Gvref(s) of the system
could be derived from (30) as

GvinðsÞ ¼ ½0 0 0 1� � ðs � I � AS1
Þ
�1
�BS1

GvrefðsÞ ¼ ½0 0 0 1� � ðs � I � AS1
Þ
�1
�WS1

�
ð33Þ

Output impedance is defined as [16]

ZoutðsÞ ¼
vOðsÞ

iOðsÞ
ð34Þ

These three transfer functions can be derived. Given the
specified value for circuit and controller parameters, these
transfer functions can be easily computed with the help of
Matlab. They will be useful for choosing the controller par-
ameters. For length of paper, the representations of these
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transfer functions are not shown in the paper. The design
principle for choosing G is to achieve a stable system
with fast response in tracking reference voltage, and
keeping Gvin(s) and Zout(s) in a low level over large fre-
quency range. Because the equivalent control is based on
the averaged model which is valid in low frequency, the
sensed variables should first be filtered to remove the high
frequency part. Low-pass filters with cross-over frequency
equal to a quarter of the switching frequency can be used.
The resultant close-loop control scheme of controller 1 is
shown in Fig. 4.

3.3 Sliding surface with two state variables

In fact, there are many possible combinations for selecting
two state variables for a fourth order POEL converter. In
this paper, the sliding surface with the input inductor
current and the output voltage is chosen. Therefore the
coefficients matrix is

G2 ¼ ½g21 0 0 g24� ð35Þ

And the resultant sliding surface is

sðx; tÞ ¼ g21x1 þ g24x4 þ

ðt

0

ðvO � VrÞ dt ¼ 0 ð36Þ

The discrete switch law is the same as controller 1. The
existence condition is changed to

lim
s!0�

ds

dt
¼ lim

s!0�

�
g21

L1

vin þ
g24

C2

x3 �
x4

R

� �

þ ðx4 � VrÞ

�
. 0 ð37Þ

lim
s!0þ

ds

dt
¼ lim

s!0þ

�
�

g11

L1

x2 þ
g24

C2

x3 �
x4

R

� �

þ ðx4 � VrÞ

�
, 0 ð38Þ

The newly added part (x3 2 (x4/R)) in (37) and (38) is just
the value of capacitive current iC2

. Thus, it is replaced by iC2

in the following part of this paper. iC2
is small value in the

vicinity of the sliding surface. Thus, (37) and (38) can be
satisfied with the same consideration as controller 1.

The reaching condition is verified with the same method
as controller 1. The resultant requirements for the selection

of coefficients matrix are

g21 .
L1Vr

vin

ð39Þ

The equivalent control can be calculated by combining
(13), (15) and (35). It is shown as

ueq ¼
g21C2x2 � g24L1iC2

� L1C2ðx4 � VrÞ

g21C2ðVin þ x2Þ
ð40Þ

Substituting (40) into (15), one can derive the close-loop
system equation under controller 2 as

d

dt
X ¼

�
g24

g21C2

x3�
x4

R

� �
�

1

g21

x4þ
1

g21

Vr

1

C1

x1�

ðx1þ x3Þðg21C2x2� L1 g24ðx3� ðx4=RÞÞ
�L1C2ðx4�VrÞÞ

g21C1C2ðVinþ x2Þ

1

L2

x2�
1

L2

x4�
L1 g24ðx3� ðx4=RÞÞ

g21C2L2

�
L1

g21L2

ðx4�VrÞ

1

C2

x3�
1

RC2

x4

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð41Þ

Equation (41) has only one equilibrium point similar to the
one of (30). By introducing perturbations same as (31), the
small-signal state-space equation of (41) is derived as

d

dt
X ¼ AS2

DX þ BS2
Dvr þ ES2

Dvin þ FS2
DiO ð42Þ

where

AS2
¼

0 0
Vin

C1ðVr þ VinÞ

�Vr

C1RðVin þ VrÞ

0
1

L2

0 0

2
6666664

�
g24

g21C2

�Vr

C1ðVr þ VinÞ
þ

g24L1Vr

g21C1C2VinR

�L1 g24

L2C2 g21

1

C2

g24 � C2

g21C2

�g24L1Vr

g21C1C2VinR2
þ

L1Vr

g21C1VinR

�
g21 þ L1

g21L2

þ
L1 g24

g21RL2C2

�
1

RC2

3
77777777775

BS2
¼

1

g21

L1Vr

g21RC1Vin

L1

g11L2

0

� �T

ES2
¼ 0 �

V 2
r

RC1VinðVin þ VrÞ
0 0

� �T

FS2
¼

g24

g21C2

L1 g24Vr

g21RC1C2Vin

L1 g24

g21C2L2

�
1

C2

� �T

Fig. 4 Close-loop control scheme for controller 1
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The transfer functions required for designing the controller
can be derived with the same method as for controller 1.
They are not shown in this paper.

The resultant close-loop control scheme for controller 2
is shown in Fig. 5. It should be noted that the capacitor
current iC2

also needs to be filtered before possible use in
calculating the equivalent control input.

4 Design example

In the design example, the parameters for POEL converter
are chosen as follows: Vin ¼ 12 V, C1 ¼ 47 mF, C2 ¼
100 mF, L1 ¼ L2 ¼ 1 mH, R ¼ 22 V and Vr ¼ 8 V. The
switching frequency is chosen as 20 kHz. The cross-over
frequency of the low-pass filter is selected as 5 kHz,
which permits a fast enough response speed of the close-
loop control system and removes the ripple components
effectively.

The controller design criterion is to maintain a stable and
fast dynamic response, low overshoot in the reference
voltage tracking and low overshoot of input inductor
current. It is also necessary to achieve a low output impe-
dance and audio-susceptibility over a wide bandwidth.

For controller 1, there is only one freedom in choosing
the parameters. g11 should be first chosen to satisfy (28).
Knowing the circuit parameters shown earlier, (28) can be
solved to be

g11 . 0:00067 ð43Þ

Considering that most dc–dc converters are required to
work in a large range of operating point, the value of g11

should be chosen to be larger than the value calculated
from (43). Next, various value of g11 can be tested by exam-
ining its influence on the close-loop system performance.
Fig. 6 shows the bode plot of reference-to-output transfer
function G1ref(s) under conditions when g11 is equal to
0.001, 0.005 and 0.01, respectively. It can be seen that the
cross-over frequency of G1ref (s) decreases when g11

increases, this means the system response time is longer.
If this transfer function is treated as second order, the
quality factor will increase when g11 increases, which
causes the overshoot in reference tracking to increase.
Thus, to obtain a trade-off in the response speed and
overshoot in output voltage, the controller parameter is
selected as

G1 ¼ ½g11 0 0 0� ¼ ½0:005 0 0 0� ð44Þ

For controller 2, the reaching condition requirement is the
same as for controller 1, which means g21 . 0.00067 in the

above given circuit condition. However, unlike controller 1,
controller 2 has two parameters to be chosen. Thus, it is
possible to achieve a fast response by keeping the quality
factor in a low level, that is a low overshoot in output
voltage tracking. Fig. 7 shows the bode plot of G2ref(s)
under various value of controller parameters. Owing to
the previous considerations, it is then chosen

G2 ¼ ½g21 0 0 g24� ¼ ½0:005 0 0 0:0005� ð45Þ

From Figs. 6 and 7, it can be seen that controller 2 has a
quality factor smaller than that of controller 1 in the con-
dition of same band-width, which means introducing the
output voltage into the sliding surface makes the close-
loop system response with lower overshoot.

With the chosen parameters for two controllers, it is also
required to check whether audio-susceptibility and output
impedance are kept in a low level. Fig. 8 shows audio-
susceptibility of the open-loop circuit and also those of
the two close-loop system. The output impedance of the
open-loop circuit and two close-loop control systems are
shown in Fig. 9. It can be seen that controller 2 is better
than controller 1 in all close-loop characteristics.

It should be noted that the new implementation method of
sliding-mode control does not change the system perform-
ance. Sliding surfaces 1 and 2, with traditional sliding-
mode control implementation method, can all be thought
as a kind of current-mode control. Therefore they all will
increase the system output impedance in low frequency
range [16]. However, the maximum value in Zout(s) is

Fig. 5 Close-loop control scheme for controller 2

Fig. 6 Bode plot of the reference-to-output transfer function for
controller 1 with various G1

Fig. 7 Bode plot of the reference-to-output transfer function for
controller 2 with various G2
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decreased from 26.8 to 21.6 dB V for controller 1, and from
26.8 to 17.8 dB V for controller 2.

5 Simulation and experiment results

The performances of both controllers are compared with a
traditional current-mode multi-loop controller [16] with PI
regulator in the voltage loop for generation of current
reference. This controller is also known as current-mode
PI controller. In the current loop of the system, hysteresis
control is used to keep a switching frequency of 20 kHz at
nominal operating condition. In order to allow comparison,
the closed-loop band width of the current-mode PI control-
ler is also set to be about the same as the two proposed
controllers.

Simulations are done with PSim [17] and the simulation
step is set at 1 ms for three systems. Figs. 10–12 show the
behaviours of output voltage and input inductor current
for all three controllers in the case of reference voltage
step changes from 0 to 8 V as start up performance, and
then, the reference voltage is changed from 8 to 18 V at
20 ms and from 18 to 8 V at 40 ms. In particular:

1. Fig. 10 shows the system response with current-mode PI
control. During start up, the input inductor current increases
too fast and the overshoot is about 310% when compared
with its nominal value in steady state, which is necessary
for a fast voltage regulation with about 10 ms settling
time. The output voltage overshoot is �2 V. When the
reference voltage changes to 18 V, the response is similar.
When reference voltage changes down to 8 V, the response

is slower because of the discharge time for the output
capacitor C2 and the overshoot of output voltage is large.
2. Fig. 11 shows the system response with controller 1. It is
seen that both current and voltage overshoot are higher. In
addition, the settling time is longer during increase of refer-
ence voltage. When reference voltage changes down to 8 V,
the response is better than the current-mode PI controller,
smaller overshoot and shorter settling time are observed.
3. Fig. 12 shows the system response with controller 2.
During start up, the output voltage overshoot is ,0.5 V
when compared with 2 V for the current-mode PI controller.
At the same time, the current overshoot is decreased from
310% of current-mode PI controller to 130%. Similarly,
when reference voltage increase to 18 V, again, output
voltage and input inductor current increases fast and with
smaller overshoot to the desired value. It is similar to the per-
formance of controller 1 when the reference voltage decreases
to 8 V and also better than the current-mode PI controller.

In summary, controller 2 has the best overall perform-
ance. It is evident that proposed implementation method
keeps the advantages of sliding-mode control. The start
up response can be shaped in the time domain. In addition,
as it is actually implemented with duty cycle control, the
switching frequency is strictly kept constant by the input
of the saw-tooth waveform.

Both controllers for POEL converter are implemented in
the experiments to show their performance predicted by
the theoretical analysis and simulation results. During the
experiments, all voltage waveforms are captured with AC
coupling. The system conditions are the same as those
mentioned in Section 4. To approximate the ideal con-
dition as much as possible, the switch is using a
TOSHIBA 2SK2267 MOSFET, and its Rds-ON is only

Fig. 8 POEL converter’s audio-susceptibility under various
conditions

Fig. 9 POEL converter’s output impedance under various
conditions

Fig. 10 Current-mode PI controller’s performance under step
changes of reference voltage

Fig. 11 Controller 1’s performance under step changes of
reference voltage
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8 mV. Low voltage drop diodes, with type MBR6045WT of
MOTOROLA Company, are used in the experiments. The
saw-tooth waveform is generated by the IC chip ICL8038,
and the switching frequency is set as 20 kHz. The compara-
tor is realised with IC chip LM319. In addition, inductors
with small resistance are used. Parameters of controller 1
and controller 2 are chosen as shown in (44) and (45).
And thus, the steady-state error is very small in each
experiment.

Figs. 13 and 14 show the dynamic response of the system
with controller 1 under step change of reference voltage
from 8 to 18 V. Figs. 15 and 16 show the dynamic response
of the system with controller 2 under the same condition.
Controller 2 exhibits a faster response with lower overshoot
than controller 1, which verifies the comparative results
of the reference-to-output transfer functions for both
controllers. With the equivalent control input waveforms
shown in Figs. 14 and 16, it can be seen that the constant

switching frequency is achieved with this proposed
implementation method, the equivalent control input con-
verges to a constant value equal to the desired duty cycle.

Fig. 17 shows the controller 1’s performance during step
change of load resistance from 22 to 11 V and recovers. The
voltage drop is small, which is less than 2 V. The overshoot
in current is almost none. Fig. 18 shows the controller 1’s
response to a step change of input voltage from 12 to
18 V and recovers. Because the controller has an input
voltage feed-forward, the system only exhibits a small
variations in the output voltage.

Fig. 19 shows the controller 2’s performance during step
change of load resistance from 22 to 11 V and recovers.
Fig. 20 shows the controller 2’s response to a step change
of input voltage from 12 to 18 V and recovers.
Both responses are similar to controller 1, which can be
predicted from the system transfer functions shown in
Figs. 8 and 9.

Fig. 12 Controller 2’s performance under step changes of
reference voltage

Fig. 13 Output voltage and input inductor current waveforms
for step change of reference voltage with controller 1: ch1 vO

and ch2 iL1

Fig. 14 Output voltage and equivalent control waveforms under
step change of reference voltage with controller 1: ch1 vO and ch2
ueq

Fig. 15 The output voltage and input inductor current wave-
forms for step change of reference voltage with controller 2: ch1
vO and ch2 iL1

Fig. 16 Output voltage and input inductor current waveforms
for step change of reference voltage with controller 2: ch1 vO

and ch2 ueq

Fig. 17 Output voltage and input inductor current waveforms
for step change of load resistance with controller 1: ch1 vO and
ch2 iL1
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Because the equivalent control is calculated under ideal
condition, the switching loss and other power losses in the
converter are not considered in the computation. Thus, in
practical, the output voltage of the system with CSFSMC
may have steady-state error; the output voltage will be
smaller than the reference value. In addition, the proposed
controller also has steady-state error when facing system
condition changes. The problem may be verified through
Figs. 14–17. This problem can be solved by adding
another sliding-mode controller, which will not only influ-
ence the switching frequency but, however, enhances the
system performance quite well. This point will be reported
in another technical paper.

6 Conclusions

A new implementation method, CSFSMC, for sliding-mode
control was proposed. An integral item is added into the
normal sliding surface to incorporate the new approach. One
current-mode sliding surface and a two-variable sliding
surface were examined with the proposed approach.

It is shown that the proposed approach design procedure
is the same as a traditional sliding-mode control. The resul-
tant controller also has the advantages possessed by the
traditional sliding-mode control. The close-loop system tra-
jectories is decided by the sliding-mode controller and not
belonging to the system characteristics. In addition, the pro-
posed approach can achieve a constant switching frequency,
which is difficult for conventional approach.

Various transfer functions for the proposed close-loop
control systems are derived to prove the excellent character-
istics. Simulation and experiment results were also given to
verify the theoretical analysis. POEL converter is selected
as an example in the paper. It has been proved that this

novel concept of implementing sliding-mode control attrac-
tive points in dc–dc converter applications. This proposed
approach is also widely applicable to other dc–dc
converters.

To make this proposed approach also applicable for
un-ideal conditions, the power loss item should be included
in the controller. This is the future work and will be
addressed out in future papers.
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Fig. 18 Output voltage and input inductor current waveforms
for step change of input voltage with controller 1: ch1 vO and
ch2 iL1

Fig. 19 Output voltage and input inductor current waveforms
for step change of load resistance with controller 2: ch1 vO and
ch2 iL1

Fig. 20 Output voltage and input inductor current waveforms
for step change of input voltage with controller 2: ch1 vO and
ch2 iL1
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