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Chattering free sliding mode control based on reduce order extended
state observer method for a DC-DC Buck converter system
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Abstract: A novel chattering free sliding mode control (SMC) based on a reduced-order extended state observer (RESO)
is proposed for a pulse width modulation based DC-DC buck converter with total disturbances and chattering. First, a
novel tracking error state space model is introduced to define the matched and mismatched disturbances as a uniform
matched disturbance. Second, a RESO is designed to improve estimation rapidity of tracking error differentiation and
system disturbances. Moreover, the influence of load mutation, input voltage variation and system parameter uncertainties
can further be attenuated by RESO via a feedforward channel. Third, an estimation of tracking error differentiation based
sliding mode controller is designed to attenuate the disturbance estimation error, since the rapidity and accuracy of the buck
converter voltage tracking can be improved due to achievement of the chattering free by defining the switching gain of
sliding mode controller as zero. In addition, Lyapnuov stability criterion is developed to prove the stability of the proposed
closed-loop controller. Finally, the simulation results show that the proposed method can effectively improve the robustness
and dynamic performance of Buck converter by attenuating the chattering and total disturbances.
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1 Introduction

DC-DC buck converters are widely used in indus-
trial control systems, such as electric vehicle, aerospace
industry, renewable energy generation system, DC mo-
tor drives, etc., since such converters are power elec-
tronic devices utilized to adapt the output/input voltages
between the sources and load [1]. It is difficult to control
the converter in some situations, since a DC-DC buck
converter is also a time-varying and nonlinear system
due to the switching operation of the power electron-
ics converter and the existence of some phenomenon
such as chaos and bifurcation [2]. Additionally, the ex-
cellent tracking performance of DC-DC buck convert-
er is difficult to achieve due to different kinds of dis-
turbance, variable circuit parameters and uncertain ex-
ternal load. The electronic parameters uncertainties ex-
ist in DC-DC buck converters inevitably, which bring
great challenges to the advanced control strategies need-
ing accurate model information [3]. Thus, dynamic un-
certainties are deemed as the main disturbance sources
resulting in a large deviation between theoretical and
actual output voltages. Different types of disturbances
and modeling errors can also present severe challenges
of high efficient and precision control performances for
DC-DC buck converters [4]. Therefore, a variety of
control strategies have been explored to improve the
tracking performances of DC-DC buck converter sys-
tems, such as backstepping control algorithm, adaptive
control, model predictive control, intelligent control ap-
proaches, disturbance estimation based control method-
s, sliding mode control (SMC), and so on [5-8]. These
control strategies can actually improve the disturbance
rejection ability of DC-DC converters in different as-
pects. It also can be found that the excellent robustness
of the above control methods can be achieved by sacri-
ficing the other control performances, such as the track-
ing performance, fast dynamical response, etc. Unfortu-
nately, the practical applications of sliding mode control
method are limited because of the disadvantages of the
sensitiveness of mismatched disturbances and chatter-
ing phenomenon, since the total disturbances are con-
servatively reduced with large switching gains than the
amplitudes of the disturbances. A type-2 fuzzy model-
ing method with an adaptive sliding mode controller has
been proposed to attenuate the disturbances and uncer-
tainties of the system [9]. In addition, the high frequen-
cy chattering can also result in serious damage to real
industrial control systems, which produces undesirable
highly nonlinearity of the system dynamics. The chat-
tering caused by sign function also involves extremely
high control activity and increases electric power con-
sumption resulting in great waste for DC-DC buck sys-
tems [10-11]. Some strategies are proposed to reduce
the effect of chattering in sliding mode control system.
One of the most common solution to chattering problem

is the boundary layer approach [12]. The SMC with the
boundary layer consists of a smooth function instead of
the sign function. In addition, a super-twisting based
on high-order sliding mode control law uses integra-
tor to attenuate chattering [13]. In [14], a SMC method
based on a strict feedback nonlinear model is develope-
d to attenuate chattering by changing the sign function
into a continuous function. A novel fractional-order s-
liding surface based on an adaptive equivalent control
law is designed to attenuate chattering and drive the sys-
tem trajectories to the predefined sliding surface in finite
sampling steps [15].

The traditional sliding mode control law has dis-
continuous term which attenuates the disturbances and
leads to chattering, simultaneously. The disturbance
estimation technologies are introduced to eliminate
the external disturbance and uncertainty, which are
the keys to solve the chattering problem. In recent
years, the disturbance-observer-based-control (DOBC)
method compensating the internal and external distur-
bances by a feedforward part has been widely applied
in industrial control systems [16]. The main advantage
of DOBC is that it can improve the robustness of the
closed-loop system without sacrificing the nominal con-
trol performance. Considering input voltage and load
uncertainties in a DC-DC converter system, a nonlinear
disturbance observer-based (NDOB) sliding mode con-
trol with a novel sliding surface have been developed
to counteract the mismatched disturbance [17]. Distur-
bance observer composite integral sliding mode control
(ISMC) can eliminate high frequency chattering by in-
troducing a low pass filter for the DC—DC buck system
with mismatched disturbance [18].

Extended state observer (ESO) is considered as an-
other practical disturbance estimation method and has
been widely used in the real industrial control systems,
which introduces a concept of total disturbance includ-
ing external environmental disturbances and internal
uncertainties [19]. The controller based on extended
state observer named active disturbance rejection con-
trol (ADRC) can estimate both system states variables
and total disturbances by simple computations, then the
observed value of disturbances can be furtherly em-
ployed to compensate in the feedforward channel to
improve the performance of system. A linear-ADRC
(LADRC) has been proposed in [20] to make the con-
troller design and parameter tuning more practical,
since the ADRC method has been used in industry con-
trol widely, such as, permanent magnet synchronous
motor (PMSM) servo system, mechanical arm system,
wind energy conversion system [21-26]. In [27], a volt-
age tracking control method based on an active distur-
bance rejection control (ADRC) is proposed to improve
the robustness of the H-bridge DC-DC converter sys-
tem under matched disturbance. The ESO-based con-
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trol method defines the uncertainties and changes in sys-
tem dynamics including external environmental distur-
bances and internal uncertainties as a total disturbance,
which makes the control method unique in concept and
simple in engineering with superior performance. In ad-
dition, the chattering caused by SMC can also be at-
tributed to total disturbance and compensated by ES-
O, while large observer bandwidth of ESO would be
chosen to obtain the satisfactory disturbance rejection
performance [28]. In [29], a reduce-order ESO (RE-
SO) is been designed to reduce the gains of observer
to solve the problem of the weak noise reduction per-
formance caused by the large observer bandwidth gain.
Considering the pulse width modulation-based DC-DC
buck converter system subject disturbances and uncer-
tainties, a composite control method based on slid-
ing mode control and ESO technique is developed in
[30], but the large gains of observer and switching func-
tion are not mentioned. Along the research direction, an
enhanced ESO method is proposed to deal with mis-
matched disturbances in DC-DC buck converter sys-
tem, so the SMC has the ability to attenuate the dis-
turbance without having to change the control structure
of feedback part [31]. Unfortunately, the chattering phe-
nomenon caused by the relatively large switching gain
is also not been considered in the reference.

A sliding mode control method based on reduced-
order extended state observer (SMC-RESO) aiming at
the chattering caused by the large gain of SMC and the
noise amplified by the large bandwidth observer gain of
ESO, is proposed to achieve the excellent voltage track-
ing performance the DC-DC buck converter system in
this paper. The key features of the proposed strategy
are as follows: 1) A novel state space model based on
the tracking error between the expected and the actual
voltages is designed to define the matched disturbances
and mismatched disturbances as a uniform matched to-
tal disturbance. Therefore, the amplitudes of total dis-
turbance to be attenuated by the sliding mode con-
trol can be reduced by the novel mathematical model;
2) The proposed sliding mode control method can sig-
nificant reduce chattering without losing the robustness
of the system; 3) A RESO is introduced to reduce the
estimated burden of ESO by a small bandwidth gain, so
the high frequency noise amplified by the large gain can
be solved with the proposed control method. This paper
is organized as follows. The description of the nominal
system mathematical model with chattering attenuation
is given in Sec. 2. A composite RESO-based SMC con-
troller is proposed in the Sec. 3. In addition, the stability
of the proposed control method will be shown in Sec. 4.
In Sec. 5, numerical simulation results are presented to
compare the proposed RESO based SMC against the
tradition ESO based SMC. Finally, Sec. 5 concludes the
work.

2 Mathematical model of a DC-DC buck

converter

Operation mode of a PWM-based DC-DC buck
converter can be shown in Fig. 1. The current of the
inductance and the voltage of the capacitance cannot
change suddenly, so the DC-DC buck converter dynam-
ic mathematical model with two switching modes can
be deduced as follows:

[650)
—1:1%? @D vy c Rl
T

(a) Circuit of DC-DC buck converter

Iy
L

TF@ T

(b) Case when the switch is on

(c) Case when the switch is off

Fig. 1 Average model circuit of buck converter

Case 1 The switch is on

Li;, = E — v,
P ') (1)
Cvg = i1, — I
Case 2 The switch is off
LéL = —s,
RPN 2)
Cvs =1 — E)

where E, V1 and Vp are the input voltage, a MOSFET
which can be turned on and off according to the input
duty ratio p € [0, 1], and the circuit diode, respective-
ly. The circuit parameters L, R and C represent circuit
inductor, circuit load resistance and circuit capacitor, re-
spectively. The current ¢, and voltage v, are the current
flowing through the inductor and the voltage of the load
(i.e., the output voltage), respectively. The load resis-
tance and input voltage are usually time-varying, when
the converters are applied in different operating condi-
tions in practical situations. The nominal values of the
load resistance are assumed to R. Therefore, the aver-
age mathematical model can be described by following
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Eq. (3): also be furthAer deduced as Eq. (9) withv = u — D and
Lis = juE — ., D=D-D.
Vs (3) €1 = e,
G =i -3 {@ =—v+D,

The system mathematical model can be rewritten as
follows with definition of tracking error e; = v, — v

. L Us
= = —— - di(t), 4
€=~ ctRoT 1(t) €
where d (t) = o5 represents the ratio of the
RC  R,C

change in load current to the capacitor. Due to the out-
put voltage both ends of the capacitor, the current flow-
ing through the load resistance cannot change suddenly,
so is differentiable. The following equation can be ob-
tained with definition of e5 = €é5:

ME — Us

b=f=—Tra
1 ’iL Vg H
— — —— —dy(t di(t) =
RC\C Ry D) +di(D)

1
where dy = ﬁdl (t). In addition, external distur-
0

bances and modeling error should be taken into consid-
eration for improving the control performance. Param-
eter ds(t) is used to represent the uncertainties of the
system, such as the modeling errors and the variation of
electronic component parameters. So, the state é, satis-
fies the following equation:

N e S
N Yo R 7o
e .
R02C —dy(t) + di(t) + ds(1).

Equation (5) can be further rewritten as the follow-
ing simple form with the total disturbance D which can
be defined as D = —dy(t) + dy (t) + ds(t).

uE — v, e €s

(6)

The integral series standard form of buck converter
should be conveniently obtained to design the controller
and analyze the ESO. So, system control input can be
defined as following.

pwE — v, e €
T ILC T IC T RO @

In addition, the system model can be further de-
scribed as a state space model in Eq. (8) with the pro-
posed control input in Eq. (7).

é1=e
' 1 29 (8)
és = —u+D.
Considering the error between the actual total dis-
turbances D and their estimated values, system (8) can

u

where D is the estimated value of total disturbance, and
D is the estimation error between D and D . By intro-
ducing D , the disturbance attenuated by sliding mod-
e control is transformed from D to D. If is estimated
accurately, the total disturbances need to be attenuated
by the sliding mode controller is approximately to zero.
The switching gain and the chattering of sliding mode
control will be greatly reduced under the proposed mod-
eling method.

Assumption 1 For the above DC-DC buck sys-
tem, if disturbances d;(t),dx(t),ds(t) are bounded,
there exists constant d* by satisfying

>

3 SMC-RESO controller design
3.1 Reduce-order extended state observer design
The control method proposed in this paper is the

sliding mode controller mainly based on Eq. (9). The
robustness of the system is guaranteed by the charac-
teristic that the sliding mode controller is insensitive to
matched disturbance. The system variables that cannot
be obtained directly such as é, D are estimated and
given by observer technology. Compared with nonlinear
extended state observer (NLESO), LESO has advantage
of easy parameter adjustment. Therefore, a third-order
linear ESO (LESO) is commonly designed for a second-
order system (9) as follows:

€o = 21 — €1,

%1 = 2y — 3wey, (10)

29 = 23 — 3w3ey — U,

2'/'3 = —OJ3€0,

where e is defined as the tracking error of the observer.
The bandwidth of LESO (10) is expressed by. The esti-
mated values of e; and é; can be defined as z; and 2z,
respectively. The extended state variable z3 of LESO is
the estimation of the total disturbance D, i.e., D. In ad-
dition, a second-order RESO is proposed to reduce the
bandwidth of the observer due to the system state e;
which can be measured directly. Based on the system
Eq. (9), the RESO is designed as follows:

G =—51G+ G+ (82— Bibr)er — u,
(3= —Bala + (B2 — Ba2f2)e1,

Ty = (o + P,

T3 = (3 + Baen,

where (31, B2 are defined as the gains of the RESO,
(s, (3 denote the states of the RESO. The outputs of RE-

(1)
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SO are %5, &3, which represent the estimate value of é;
and D, respectively. Bandwidth method has been ap-
plied in the parameters tuning, so 3; = 2wy, f2 = wq.
The bandwidth of the RESO (11) is expressed by wy.
The speed of RESO tracking system disturbances and
dynamic uncertainties can be improved by abandoning
the estimation of system first order state.
3.2 Sliding mode control design

The novel modeling method proposed in this paper
has two advantages. Firstly, the mismatched disturbance
can be transformed into matched disturbance, since it is
unnecessary to consider the types of total disturbances
in the design of SMC controller for DC-DC buck con-
verter system. Additionally, the disturbance, i.e., ob-
server error between the actual total disturbances and
their estimated values, should be attenuated by SMC in
Eq. (9), which is smaller than that in Eq. (8). Therefore,
the sliding mode surface is defined as follows:

S = )\61 -+ él, (12)

where ) is a designed constant of sliding mode surface.
Exponent reaching law Eq. (13) is selected to improve
the rapidity of sliding mode control and reduce chatter-
ing, simultaneously:

$ = —ks—mnsgns, (13)

where 1 is the parameter of sign function to be de-
signed. The control coefficient k represents the rate that
system reaches at the sliding mode surface. The distur-
bance rejection ability and the approaching rate can sat-
isfy practical requirements by choosing appropriate val-
ues of 1 and k. So the derivative of sliding mode func-
tion is deduced as follows:

=M\, +¢é =Ny —v+ D. (14)

According to Egs. (13) and (14), the sliding mode
control law can be obtained as following Eq. (15).

v=MNe; +ks+ (D +n)sgns =
ey + ks +n'sgns. (15)

The design of switching gain 7’ in the control law
satisfies ' > |D| + |n|. The magnitude of chatter-
ing depends on the value of. The chattering free can
be achieved when disturbance is approximately to ze-
ro with accurate estimated total disturbance by RESO.
Therefore, the SMC-RESO control law is deduced as
follows by achieving é,, D information from RESO:

u:v+f?:)\i"2+k:s+77’sgns+:%3. (16)

Appropriate parameters can be selected to satisfy
the different requirements. The disturbance rejection
ability of the closed-loop system can be improved by in-
creasing the bandwidth of RESO. The switching gain n
in exponent reaching law can select 0 when the total dis-
turbance is estimated accurately by RESO. Meanwhile,
parameters A and k are used to improve the rapidity of
the system. According to Eq. (7), the duty ratio can be

deduced from Eq. (16):

M:

Vet LO(Nig+ ks 1) sgn sy — 1 — 22y

r 2 nsg 3T TO RoC
- .

(17)

The SMC-RESO control system for DC-DC buck
system is shown in Fig. 2. It can be found in Fig. 2 that
only the output voltage v needs to be measured. There-
fore, the proposed SMC-RESO control method is ben-
eficial to the application of practical engineering, be-
cause the inductance current is not a value that must
be measured in the controller design for DC-DC buck
converter system. The modeling errors caused by elec-
tronic components in Eq. (17) will be summarized as
d3(t). Meanwhile, the ESO will regard it as the total
disturbance. The results of modeling errors added to the
system will be shown in the simulation.

PWM
Generator

!

DC-DC | vy,
Buck -
Converter

Y

Fig. 2 Control system structure based on the proposed con-
trol method for DC-DC buck converter

Lemma 172! Considering a non-linear system
& = F(x,w) with the condition of input-to-state sta-
ble (ISS), if the inputs satisfy lir% w(t) — 0, then the
—
states satisfy lim z(t) — 0.
0
4 Stability analysis
4.1 Convergence analysis RESO
Equation (18) can be obtained by defining the track-
ing errors between RESO values and actual system
states as €5 = Lo — €1,€3 = &3 — D, respectively:
€y = —fi€2 + €3,
€3 = —[gy + B2 — D.
The tracking error Eq. (18) can be further rewritten
as the following state space form.

Rt o PR S
The characteristic polynomial of Eq. (19) can be ob-
tained as the following Eq. (20)
det(pl — A) =p*> + Bip+ B2 =
p° + 2wop + wi =
(p +wo)?, (20)
where p = —wy < 0, as long as Se; — D is bounded.

The poles of the system will stay in the left-half com-
plex plane, that is to say €5, €3 will gradually converge

(18)
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to zero. Therefore, it can be proved that the designed
observer is globally convergent.
4.2 Proof of sliding mode controller stability
The closed-loop control system of DC-DC buck
circuit consists of Eqgs. (9)—(16). The stability of the
sliding mode controller can be proved by using Lya-
punov stability criterion with following Lyapunov func-
tion:
V=i 1)
=55
The following Eq. (22) can be obtained by taking
derivative of along dynamics Eq. (14).

V =58=3s(Atg —v+ D — &3). (22)
By substituting Eq. (15) into Eq. (22), Eq. (22) can
be further rewritten as Eq. (23):
V =s(\iy — Aig — ks —nsgns + D — &3) =
s(—ks —msgns — e3). (23)
According to Assumption 1, the total disturbances
including mismatched and matched uncertainties and
disturbances are bounded, so the state variable £3 in
Eq. (29) is also a bounded variable.
V <s(—ks—1n'sgns) =
— Isln" — k|s|* <0, (24
where 7/’ is the designed switching gain of sign function
which satisfies 1/ > |n|+|D| > |n|+|es| = 0(n = 0).
The designed composite controller satisfies Lyapunov
stability criterion according to Eq. (24). Therefore, the
system can reach the sliding mode surface from any ini-
tial condition in finite time with an appropriate 7. The
sliding motion is described as Eq. (25) when system s-
tate variables move on the sliding mode surface s = 0:
S = )\61 + Zig = 0. (25)
Equation (26) can be obtained by substituting into
Eq. (25):
S:)\€1+.i'2+é1 —él =
)\61 + él + &9 = 0. (26)
The following Eq. (27) can be further deduced a-
long Eq. (26):
él = —)\61 — &9 = 0. (27)
According to Lemma 1 and Eq. (29) it can be found
that tlim €2 = 0 and ey, €; the system states will con-
—00

verge to zero along the sliding mode surface asymp-
totically under the proposed control law (11)—(17). So,
system state variables can be described as follows by
combing with Eq. (19) and Eq. (27):

é]_ -2 —-10 €1 0
ga| = | 0 =Bl |e2| + 0. ) (28)
E3 P2 —B20 €3 -D

det(cl — A) = + (A + 1) + (\B1 — Ba)e+

(A+1)B, =0. (29)

The parameter D is bounded, when the poles of the
system can locate in the left half plane to make the sys-
tem stable by selecting appropriate parameters. Then
the closed-loop system is globally asymptotically sta-
ble. The above proof condition implies that state vari-
ables of DC-DC system can be driven to the desire equi-
librium point. That is to say, the control law can force
state variables to reach the sliding mode surface in finite
time.

5 Simulation and analysis

The simulation verification is based on MATLAB/
SIMULINK with the proposed average mathematical
model in this paper. The desired output voltage value
is set to be 5 V and the DC-DC buck converter circuit
parameters is shown in Table 1. To compare the distur-
bance rejection ability of SMC-RESO and SMC-ESO
methods, the external disturbances and internal uncer-
tainties in actual DC-DC converter have been studied
in this section. First, the load resistance changing from
100 €2 to 130 2 and 75 © at 2 s and 4 s is regard-
ed as the external disturbance in Fig. 3. A pulse sig-
nal with 1 V value is added to the input voltage at 2 s
to take the modeling errors into consideration. The im-
pulse disturbances are also added to the inductance and
capacitance which changes from 4.7 mH to 2.2 mH at
4 s and changes from 1000 pF to 400 pF at 6 s, respec-
tively. The response curve of modeling errors is shown
in Fig. 4. In addition, it is inevitable that the measure-
ment noise caused by sensors exists in practical indus-
try, therefore, random noise is added into the output
voltage. The comparison results of noise rejection abil-
ity between SMC-ESO and SMC-RESO are shown in
Fig. 5. Finally, the chattering attenuation ability with
the proposed modeling method is shown in Fig. 6 by
choosing different switching gains.

Table 1 Parameters of the DC-DC buck converter

Parameters Symbol Value
Input voltage E 10V
Desire input voltage Vi 5V
Inductance L 4.7 mH
Capacitance C 1000 puF
Load resistance R 100

Similar rapidity is chosen for two methods to show
the advantages of the sliding mode method proposed
in this paper. The parameters in SMC-ESO controller
are chosen as A = 50,k = 0,n = 0,w = 100,
while the parameters in SMC-RESO controller are
selected as A = 80,k = 0,7 = 0,w = 80. The output
voltage response curves under the load disturbance and
modeling error are shown in Fig. 3. It is observed that
the modeling error can be attenuated effectively by the
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two ESO based control method. In addition, the SMC-
RESO controller produce a better convergence rate than
that of the SMC-ESO controller when the two control
methods achieve the similar rapidity. This is because the
first-order state e; can be measured directly, so the total
disturbance can be estimated more quickly. Although
the bandwidth of ESO is the same as that of RESO, but
the observer gain of ESO is much larger than that of RE-
SO. Therefore, the impact of the high frequency noise
on the DC-DC buck system can be reduced by RESO.

6 : ‘ T T ‘
5[\ —~SMC-ESO_------ SMC-RESO
\
. 4 —— : \ T -
= 3 'S'ZL 5.0 e
O ] A - ‘\/
2t L T |
20 2.1 22 2345k 1 1 ]
1t 40 41 42 434
0 L 1 1 L .
0 1 2 3 4 5 6
t/s
(a) Output voltage vs
0.30 : ‘ T T ‘
025+ —— SMC-ESO  ----SMC-RESO |
0.20 f —
< 0.06f
01 0.04- j 1]
o I ; . .
0.10 ) ] . 39 40 41 42 |
\ /
0.05 .
0.00 s . 1 1 1
0 1 2 3 4 5 6
t/s
(b) Current 4y,
0.6 : T

0s I\ —— SMC-ESO  ------ SMC-RESO

0.4 T / T T T - T
0.52r 1 4 0.50
= 03Fgsol /N ] 04t |~ |

02F . R 0.461 1 1 1 T
20 2122 23735720 41 42 43
0.1} e
00 L L L L L
0 1 2 3 4 5 6
t/s
(c) Duty ratio p

Fig. 3 Response curves under SMC-RESO controller and
SMC-ESO controller when the load resistance is
changed

It is impossible to keep the electronic parameters of
the DC-DC buck system invariant, so the modeling er-
rors should be taken into consideration. Fig. 4 shows the
response curve of the SMC-ESO controller and SMC—
RESO controller under the modeling errors. It is clear
that the SMC-RESO controller has strong disturbance
rejection ability when the input voltage changes. It also
can be found that the SMC—RESO controller can keep
invariable when the inductance and capacitance change

greatly, while the SMC-ESO controller is difficult to
attenuate these disturbances. It is necessary to take the
high frequency noise into consideration, because the
measurement noise unavoidably exists in the actual in-
dustry control systems. Appropriate parameters are cho-
sen to make SMC-ESO and SMC-RESO have similar
rapidity. To have a fair comparison, the bandwidth of
ESO and RESO are selected as 80. The response curves
of output voltages are shown in Fig. 5. It can be found
in Fig. 5 that the sensitivity of noise has been signifi-
cantly improved by RESO method because the observ-
er gain of RESO is litter than tradition ESO method. In
Fig. 6, to verify the chattering attenuation ability of the
modeling method proposed in this paper, three switch-
ing gains 7 = 0, 5, 10 are chosen to compare the du-
ty ratio p chattering amplitude, respectively. It can be
observed that the disturbance rejection ability is simi-
lar in three cases, but chattering is close to zero when
1n = 0. Compared to the cases = 5, 10, the voltage
tracking curve has chattering free feature when n = 0.
The larger switching gain is, the greater the chattering
amplitude and the worse the tracking performance. This
advantage directly guarantees the chattering attenuation
ability of the SMC-RESO method. The tracking error
state space model proposed in this paper is also anoth-
er significant factor to attenuate the chattering in SMC.
The response curve of output voltage under the tradition
SMC controller and SMC—-ESO controller is shown in
Fig. 7. The traditional SMC controller parameters are
A = 20,7 = 50, while the SMC-ESO controller pa-
rameters are A = 10,7 = 0,w = 70. It can be found
that the SMC-ESO controller under the proposed mod-
eling method achieve a better chattering attenuation re-
sult without loss robustness.
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Fig. 4 Response curves under SMC-RESO controller and
SMC-ESO controller with modeling errors

It can be seen from the comparative verifications
that the chattering of the traditional SMC controller can
be reduced effectively under the proposed tracking er-
ror state space model. In addition, the proposed SMC—
RESO control method also has better disturbance and
high frequency noise rejection performance than SMC—
ESO method.
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Fig. 5 Response curves under SMC-RESO controller and
SMC-ESO controllers with measurement noise
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Fig. 6 Control curve of duty ratio p under different
switching gains
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Fig. 7 Response curves under SMC-ESO controller
and tradition SMC controller

6 Conclusions

A SMC-RESO controller based on a novel tracking
error state space model is proposed to improve the volt-
age tracking performance of a DC-DC buck with sys-
tem uncertainties. The superiority of the proposed con-
trol method is systematically analyzed, then the track-
ing performances of SMC-RESO method and SMC-
ESO method are compared by simulation results for a
DC-DC buck converter subject total disturbances in this
paper. In addition, the simulation results of several cas-
es show that the proposed SMC-RESO controller with
the novel modeling method can attenuate the chattering
and also possess the robustness. In the future, the exper-
iments can be carried out after the establishment of the
experimental platform.
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