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Abstract. Buck converter has been widely used in the DC renewable energy system application. The
Fuel Cell (FC) based DC renewable energy is offered as a high-performance and low-emission power
supply, which replaces conventional DC sources. Its relevant control system has regulated the output
voltage under input voltage and load resistance variations to track the desired reference signal. To con-
trol the current sensorless-based buck converter with matched and mismatched uncertainties, the sys-
tem must be modeled in such a way that by measuring the output voltage, both the inductor current
and system perturbations can be estimated. The purpose of the work is suggestion of a novel dynamic
sliding mode controller (DSMC) based on observer of coincident perturbations and states (CSPO) to
enhance its controllability and tracking performance. The significance of the work lies in low cost and
reduced losses due to the inductor current measurement. Lacking an exact value for inductor current, it
is not possible to estimate and compensate the perturbations caused by parametric uncertainties in the
buck converter. These objectives were achieved by modeling in the canonical form. The canonical
model somehow converts both the matched and mismatched perturbations into the matched perturba-
tion, in which the system states and perturbations can be merely estimated using only an output volt-
age value and a CSPO. The most important results are the fastness and robustness of the DSMC to
control the buck converter and compensate the effect of mismatched uncertainties and nonlinear dis-
turbances and chattering phenomenon.
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Controlerul modului de alunecare dinamic cu observator al perturbatiilor si stirilor coincidente pentru
convertizorului buck al sursei de celule de combustibil
Ali Darvish Falehi
Departmentul de Electrotehnica, sectia Shadegan, Universitatea Islamica Azad, Shadegan, Iran.

Rezumat. Energia regenerabila de curent continuu bazata pe celule de combustie (FC) este oferitda ca sursa de
energie de Tnaltd performantd si cu emisii reduse de energie care inlocuieste surse de curent continuu
conventionale. Sistemul sdu de control relevant a reglat tensiunea de iesire sub variatiile tensiunii de intrare si
rezistentei la sarcind pentru a urmari semnalul de referinta dorit. Pentru a controla convertizorul buck fara
senzori de curent cu incertitudini corelate si nepotrivite, sistemul trebuie modelat in asa fel incat, prin masurarea
tensiunii de iesire, sd poatd fi estimate atat curentul inductorului, cat si perturbatiile sistemului. Scopul lucrarii
este propunerea unui nou controler cu mod de alunecare dinamic (DSMC) bazat pe observatorul de perturbare si
starii coincidente (CSPO) pentru a-si imbunatati controlabilitatea si performanta de urmarire. Semnificatia
lucririi consta in costuri reduse si pierderi reduse datorate masurarii curentului inductorului. In lipsa unei valori
exacte pentru curentul inductor, nu este posibil sd se estimeze si sd se compenseze perturbatiile cauzate de
incertitudinile parametrice in convertorul buck. Aceste obiective au fost atinse prin modelare in forma canonica.
Modelul canonic converteste intr-un fel atat perturbatiile potrivite, cat si cele nepotrivite in perturbatie potrivita,
in care stdrile si perturbatiile sistemului pot fi doar estimate folosind doar o valoare a tensiunii de iesire si un
CSPO. Cele mai importante rezultate sunt rezistenta si robustetea DSMC pentru a controla convertorul buck si
pentru a compensa efectul incertitudinilor nepotrivite si al perturbarilor neliniare si al fenomenului de vibratie.
Cuvinte-cheie: celule de combustie, convertorul buck, model canonic, controler al modului de alunecare
dinamic, observator al perturbatiilor si stérilor coincidente.
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JuHaMU4YeCKHUil PeryJisiTop CKOJIB3SIIIEro pe;xuMa ¢ HadJroaaresieM COBNAJAI0IMX BO3MYILIEHUH 1
COCTOSIHMIA 1JIs1 MOHM>KAIOIIEro Mpeodpa3oBaTeisi TOIVIMBHOIO 3JIEMEHTA
Asmn {apBum ®@ajexu
Kadenpa snexrporexnnku, [llaneranckuii pumman, Mcnamckuii yausepcureT Azan, lllageran, Upan

Annomayus. Ioxmwkaronmii mpeoOpa3oBaTenb MHUPOKO UCHONB3YETCSl B CHCTEMaxX BO30OHOBISIEMBIX MCTOYHH-
KOB DHEPI'HHM MOCTOSHHOTO TOKa. B0300HOBIIsIEMast SHEPTHUsI IOCTOSTHHOTO TOKA HA OCHOBE TOIUIMBHBIX 3JIEMEH-
toB (T3) mpemnaraercs B Ka4eCTBE BRICOKOIPOM3BOIUTEIHHOTO HCTOYHIKA MITAHAS C HI3KAM YPOBHEM BBIOPO-
COB, KOTOPBIH 3aMEHsIET TPaJUINOHHBIE ICTOYHUKH IOCTOSTHHOTO TOKa. Ero cooTBeTCTBYyIOIMAs CHCTEMA yIIpaB-
JICHUSI PETYJIUPYET BBIXOJHOE HAINpsHKEHUE B COOTBETCTBHMHU C BXOJHBIM HANpSDKEHHEM W M3MEHEHUSIMH COIIPO-
THUBJICHUS! Harpy3KH, YTOOBI OTCJIEKHMBATh JKEJIaeMblil ONOPHBIN curHan. J{is ynpasieHus: 0€31aTYMKOBBIM HO-
HIDKAIOLIMM ITpeo0pa3oBaTeieM TOKa C COTIACOBAaHHBIMU M HECOTJIACOBAaHHBIMHU HEOIPECICHHOCTSIMHA CUCTEMa
JIOJDKHA OBITH CMOJICJIMPOBaHa TaKUM 00pa3oM, YTOOBI ITyTEM M3MEPEHHUS BBIXOIHOTO HANPSHKEHUS MOXKHO OBLIO
OLICHNTb, KaK TOK KaTYIIKH WHIYKTHBHOCTH, TaK ¥ CUCTEMHbIE BO3MYIIEHUs. L{enbio paboTh! sSBIIsieTCs] Mpeio-
JKEHHUE HOBOTO KOHTpOJUIEpa JTUHAMHYECKOro ckousbssmero pexxuma (DSMC), ocHoBaHHOrO Ha HaOIopaTesne
COBIIAIAONINX CcOCTOSTHUN-Bo3MyIneHui (CSPO), ams moBBIMIEHUS €ro YIpaBiIsaeMOoCTH U 3()()EeKTHBHOCTH OT-
CJIC)KMBAHUS. 3HAYUMOCTh pabOTHI 3aKIIOYACTCS B JICHICBU3HE M CHIDKCHHWH IMOTEPh 33 CUET M3MEPEHMS TOKa
MHIYKTOpa. B OTCyTCTBHE TOUHOTO 3HAUEHMS TOKA APOCCENs HEBO3MOXKHO OIIEHUTh W KOMIIEHCHPOBATH BO3MY-
IIEHNS, BBI3BAaHHBIC NMapaMETPUYECKHIMH HEOIPEAEICHHOCTAMH B IIOHMXKAIOIIEM IIpeoOpa3oBaTene. JTH IEIH
OBLTH TOCTUTHYTHI ITyTE€M MOZEIHPOBAHUS B KaHOHWYECKOH (popme. KaHoHMYecKast MOAETbh KaKMM-TO 00pa3oM
npeoOpa3yeT Kak COTJIACOBAHHBIC, TAK M HECOTJIACOBAHHBIC BO3MYILCHHMS B COTIIACOBAHHBIC BO3MYIICHUS, B KO-
TOPBIX COCTOAHUA CUCTEMBI U BOSMYIICHUA MOKHO IMPOCTO OUCHUTH, UCTIOJIB3Ys TOJIBKO 3HAYCHHUEC BBIXOJAHOI'O
HarpsokeHust 1 CSPO. HanGonee BaXHBIMH pe3ynbTaTaMM SIBJISIOTCS ObIcTpoeiicTBie U HanexxHocTh DSMC
JJIA yTIpaBJICHUSA MMOHWKAIOIUM npeo6pa3OBaTeneM 1 KOMIICHCAIIMU BJIMAHUA HECOTJIACOBAHHBIX HEOIIPEAC/ICH-
HOCTEH, HENTMHEHHBIX BO3MYIIEHU U SIBICHUS pedesra.

Kniouegvte cnosa: TOINTMBHBINA 3JIEMEHT, MOHIDKAIOLIMK MpeoOpa3oBaTesb, KAHOHMYECKas MOJIETb, JMHAMMUYE-
CKHUH PEryJIsiTOp CKONB3AIIET0 PEKUMa, HAOIIOJaTeNNb COBIAJAIONINX IEPEMEHHBIX COCTOSIHUS M BO3MYIIICHUH.

conversion. The main purpose of buck converters
I. INTRODUCTION is to regulate the output voltage by adjusting the
DC power sources have been extensively used in  input voltage and load resistance, and track
various industrial applications, so an interface  different values of the reference voltage. Hence,
device is required to provide a variable output  a number of strategies have been proposed to
DC voltage with respect to a constant input DC  regulate the output voltage of buck converters
voltage. The DC-DC converters like an AC  under input voltage and load resistance
transformers can provide the desired DC voltage  variations [7-9]. The stepping-based non-linear
by tuning the duty cycle. Their various control is proposed for buck converter with
applications are commonly based on voltage uncertainty in load resistance [10], the integral
regulator to convert unregulated DC voltage to  sliding surface is proposed in [11] to control the
optimum regulated DC voltage [1]. DC-DC  power supply integrated with buck converter. An
converters have satisfactorily seen positions in  adaptive-neural backstepping control strategy is
electric vehicles, carrying systems, lifting forks  proposed for the buck converter to track the
and some mechanisms like that. They are angular speed of the permanent magnet DC
characterized by precise acceleration control,  motor [12]. In [13], a cascade control structure
high efficiency and fast dynamic response. Other  based on hybrid Sliding mode Control (SMC)
applications of DC-DC converters are in  and PID is proposed to soft start the DC motor.
compensation of reactive power, dynamic  One of the effective control strategies to control
braking of DC motors and optimization of AC  such these systems is sliding mode controller due
power networks [2-4]. There are two advanced  to its robustness against the uncertainties and
DC-DC converter types called two-quadrant and  perturbations [14]. The conventional sliding
four-quadrant. The first type is used in automatic ~ mode controllers are only robust against the
control systems of renewable sources such as  matched uncertainties and perturbations, while
solar cells and wind turbines [5]. The second the uncertainties expressed in the buck converter
type is also used in systems with electric braking  are mismatched. Some works have been
of DC motors such as transport systems and  performed to deal with the mismatched
hybrid cars [6]. uncertainty in which the sign function is
Buck converter as an inductor-based switch  considered in the system’s input signal, which
mode converter is used for step-down voltage  causes the chattering phenomenon [15-17].
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Another major sliding mode control problem is
the chattering phenomenon, which has been
alleviated using four common methods:
boundary layer [18], adaptive boundary layer
[19], high-order sliding mode controller [20] and
dynamic sliding mode controller (DSMC) [21].
In the adaptive boundary layer method, the
system immutability is lost. In the high-order
method, the chattering phenomenon is eliminated
by transferring the switching to the high
derivative of the sliding surface in case of
existence of the system model derivative. But
then, high frequency fluctuations and chattering
phenomenon caused by the sign function have
been alleviated in the dynamic method via
considering an integrator before the system. In
paper [22], a chattering elimination method is
proposed for adaptive sliding mode controller in
the form of the multi-input-output systems with
matched and mismatched uncertainties with
assuming the bounded uncertainty derivatives.
Multilevel sliding control is also a robust
approach against the mismatched uncertainties,
whereas it depends on the input derivatives [23].
Other strategies such as the perturbation observer
and inertial delay control have also been
proposed to solve this problem [24]. Likewise, a
robust dynamic surface control is proposed with
an approximation of the sign function avoid the
implementation difficulty of multiple-surface
sliding control [25]

To design the sliding mode controller for buck
converter, all modes are required which can be
worked out by measuring the inductor current.
Shunt resistance is usually used to measure the
current with a current measuring amplifier. The
power losses would be increased in the
converters with high inductor current. Therefore,
this problem creates a great interest to develop
the sensorless control techniques for DC-DC
converters. An adaptive current sensorless
control is proposed for buck converter to
improve the transmit behaviour, controllability,
and fault tolerability [26]. The inductor current
can be estimated by the input current and the
output voltage along with a first-order filter [27].
The common drawback of such these methods is
measuring the all inputs and output voltage
which can be solved by observer of coincident
perturbations and states (CSPO) so that the
inductor current to be estimated to reduce the
costs and losses due to the inductor current
measurement.

Based on the proposed observer, the output
voltage of the buck converter is measured to
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estimate the inductor current. Likewise, the
designed DSMC based on CSPO is robust and
invariant against the mismatched uncertainties
that exist in the buck converter due to the input
voltage and load resistance. As for the dynamic
design of this controller, its chattering-free
feature is proven due to eliminating the sign
function of the sliding mode controller. Lacking
an exact value for inductor current, it is not
possible to estimate and compensate the
perturbations caused by parametric uncertainties
in the buck converter. To solve this problem, this
converter has been essentially modeled in the
canonical form. The canonical model somehow
converts both the matched and mismatched
perturbations into the matched perturbation, in
which the system states and perturbations can be
merely estimated using only an output voltage
value and a CSPO. The simulation results
demonstrate the fastness and robustness of the
DSMC to control the buck converter and
compensate  the effect of mismatched
uncertainties and nonlinear disturbances and
chattering phenomenon.

1. FUEL CELL FEATURES AND FUNCTIONS

FC source actually operates as a battery albeit
oxygen and hydrogen or methane are used as its
fuels, indeed, some important kinds are: Proton
Exchange Membrane Fuel Cell (PEMFC), Solid
Oxide Fuel Cell (SOFC) [28]. The fuels have
been electrolytically attained using a single
system which operates in either electrolyzer state
or fuel cell state [29]. Given the low operating
temperature, high energy density and quick
starting feature, the PEMFC has found
significant attraction among different FC types
[30]. Likewise, it has been being successfully
advanced as a reliable and portable power source
to meet the power demands of various domestic
applications. Analogous response of anode and
cathode in the Membrane Electrode Assembly
(MEA) for can be expressed by [31]:

The anode response: H, — 2H* + 2e

The cathode response: 1/20; + 2H* + 2 —
H.O

MEA can be seen in the single PEMFC
schematic presented in Fig. 1. MEA is
commonly put into two metal platters, which are
mutually correlated to provide a bipolar platter
when cells are stacked for higher voltages.

The FC performance has been practically
distinguished according to the polarization curve,
which depicts the FC output voltage in terms of
the load current. Based on the Tafel equation
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[32], the stack voltage can be presented as
follows:

@)

Vstack :Vopen _Vo_mic —Vactivation—Vconcentraton
Where
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Fig. 1. Schematic of a single conventional PEMFC.

Where, No indicates the number of cells, Vo
indicates the open cell voltage, R is the ideal gas
constant, T is the stack temperature, F is the
Faraday constant, P20, Ph2 and Po2 respectively
are the water, hydrogen and oxygen partial
pressures, Po indicates the reference pressure, a
indicates the charge transfer constant, lqc
represents the stack current, I.im represents the
limited stack current, lo represents the stack total
current density and c is the experimental constant
for concentrate voltage.

The steady-state voltage considering one cell
along with the power in terms of current density
according to Eq. 1 can be attained as presented in
Fig. 2.
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Stack voltage (volts)
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Current density (A/cm?)

Fig. 2. Stack voltage along with power in terms of
current density.

I1l. STATE SPACE MODELING OF BUCK
CONVERTER

The main operation and concept of the buck
converter related to the continuous conduction,
output voltage ripple and duty cycle have been
here explained. Then, the state space of the buck
converter is calculated and its controllability and
observability are investigated. The effect of
parametric uncertainties is considered as an
external perturbation for the test system which is
due to the mismatched perturbation.

A. Design and Operation of Buck
Converter

This converter operates like a step-down
transformer that reduces the input DC voltage to
the required output DC voltage. This converter
has been commonly used to regulate the output
voltage of DC power supplies regulator and
speed control of DC motors. The buck converter
structure is presented in in Fig. 3. In this circuit,
iL is the inductor current, Vo is the output voltage
and u is the control input. This converter can
operate in both modes of continuous and
discontinuous conduction modes which are
determined by the inductor current. In the case of
continuous inductor current, the values of the
embedded elements in the converter along with
the duty cycle are designed so that the inductor
current is not zero at discharge period. In the
case of discontinuous inductor current, the

inductor current becomes zero at each discharge
period.

e}

[l

Ll
el

Vo

Fig. 3. Buck converter structure.
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The buck converter’s has been triggered with the
period of Ts, ON-time of ton and OFF-time of tos.
The duty cycle of this converter can be defined

by:
D=ty /T (6)

The average value of the diode voltageVy , can

be calculated by averaging its waveform over a
switching period. The diode voltage in a
switching period with assumption of its ideality
is shown in Fig. 4. The average value of the
diode voltage is also attained by the following
equation.

— 1 (T,
Vy :T—jo Vy (t)dt = DE ©)
S

It is obvious that, the average value of the diode
voltage depends on the duty cycle.

Vb

A

«— DT, —>f« (1-D) T

Y

DT; T, t
Fig. 4. Diode voltage in a switching period.

Buck converter has two operating modes. The
first case is to conduct the switch and flow the
current from the input source as shown in Fig. 5.
Discarding the transient condition of the buck
converter, the inductor voltage is calculated as
follows [33].

V. =E-V, (8)
The inductor currents during ON and OFF times
can be respectively presented as follows:

diy dii E-V,
V=L gy A _ETV 9
LT ° 7 it L ©)
i 1

According to the continuous mode of the
inductor current which is presented in Fig. 5, it
reaches a maximum value with a fixed slope
when the switch is on, and then decreases with a
constant negative slope when the switch is off.
Note that, the initial and final values of the
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current are the same in each period. Thus, the net
change of the inductor current, and consequently
its voltage average in each period is zero. Hence,
the output voltage can be calculated as follows:

E-V,
L

Vo
L

(1-DJT, —>%= D (12)

DT,

Likewise, the maximum and minimum inductor
current as well as the output voltage ripple can
be formulated as follows:

i"ax :%(2“(1— D)RT;) (12)
imn = P& o1 _(1_pRr,) (13)
(14)

Voripple _ RTEVO (l— D)

The output voltage of the buck converter can be
considered as a sum of two terms. That is to say,
the average value of the output voltage V, and

its ripple v 1PPle.

V,o(t) =V, +ViPple (15)

Providing well design of the circuit elements and
correct operation of the circuit, the output
voltage ripple is small and negligible as
compared to its average value, i.e. the output
voltage is approximately equal to the average
value of the output voltage.

Vig

le—— DT, —>ie(1-D)T—>

Fig. 5. Current and voltage of inductor in
continuous mode.

B. State Space Modeling of Buck
Converter
As to the presence of an inductor and a capacitor
in the buck converter circuit, it is second order
differential equation. To calculate its relevant
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equations, the system is evaluated under two
states, i.e. ON and OFF switch conditions. At
first, the switch is considered to be ON. The state
equations related to the inductor current and the
capacitor voltage are presented as follows:

di

Lgr=E-V, (16)
VA 17)
i | R

And second, the switch becomes OFF.

The state equations related to the inductor
current and the capacitor voltage are presented as
follows:

diy

L—=-V, 18

=, (18)

cMo_; Vo 19)
dt R

Substituting the abovementioned equations, the
buck converter state space are obtained as
follows:

dy v, E
dy _ Vo B 20
. L L (20)
W i Vo @
dt C RC

Where, u € {0 1}.

Also, the buck converter equations can be
represented by the following linear state space
equations:

X = Ax+ Bu (22)
Where:
_t 1
el TS B:[E] 23)
L L

Where, the system is both controllable and
observable.

y=Vo (24)

C. Buck Converter Modelling with
Parametric Uncertainties

In fact, there are no exact values for the buck
converter’s components. This difference from
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the exact values can be due to the piece
fabrication, physical and environmental
conditions. Therefore, these conditions must be
considered to design a robust and accurate
controller.

Assuming the nominal elements’ values are R,
Cn, Ln, and E,, the system model is obtained as

follows.

Vo i Voo (i i Vo V

No 0 Vo [l W) [ Vo Vo (25)
¢ C, R,C, \C C,) \R.C;y RC

di 26
diy _ Vo En (Yo Vo|,(E En) (%®
d L, L, L, L L L,
Where, iy /C, -V, /R,C,and E/Lu-V, /L,

are related to the nominal model of the system
with the determinate values. But,

(i,/C =iy /Cy)+(Vy / R,Cy —V, /RC) and ...
+(V, /Ly =V, /L)+ )+(E/L-E/L,)

due to the difference between the actual value
and the nominal value of the parameters are
indeterminate. Therefore, they are considered as
external disturbances to the system.

N, iV,

—2=—"-0 4
dt C, RC, ° (27)
dl: V—°+5u+d2 (28)
L, L,

Where,

il VARRAVA

di=| ——— 06 __"0

! (c Cn}{RnCn RCJ (29)

(30)

dy=| Yo Vo | [E_En},
L, L)L L,

If the actual values are exactly equal to the
nominal values, the perturbations d; and d.
become zero.

Due to the limited difference between the
nominal values and the actual values of the
parameters, the perturbation values are also
limited. In addition, according to the definitions
of matched and mismatched perturbations, d; and
d> are respectively mismatched and matched
perturbations.

The conventional sliding mode controllers are
only robust against the matched uncertainties and
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perturbations, while the uncertainties expressed
in the buck converter are mismatched. Since, one
of the paper aims is to remove the inductor
current sensor. This problem makes the
controller unable to remove the disturbance
effect. Hence, the buck converter’s state space
equations have been represented in the canonical
form to overcome this problem.

D. Buck Converter Modeling in
Canonical Form

The buck converter uncertainties can be
considered as matched and mismatched
disturbances in the system. Due to indeterminate
values of these perturbations, these perturbations
can be estimated using an accurate observer.
Providing existence of the output voltage and the
inductor current, the perturbations can be
estimated. But, the main challenge is related to
the inductor current which is not measured. To
control the current sensorless-based buck
converter with matched and mismatched
uncertainties, the system must be modeled in
such a way that by measuring the output voltage,
both the inductor current and system
perturbations can be estimated. In the canonical
model, state variables are considered in such a
way that the effect of matched and mismatched
perturbations to be appeared in the form of a
matched perturbation. Therefore, the proposed
canonical model of the buck converter can be
presented as follows:

dp =02 (31)

2

=B Eoig) O
LnCn RnCn ann

Hence, both the matched and mismatched

perturbations can be considered as a matched
perturbation. Considering g, as the output of this
model which is the output voltage of the buck
converter, both the g,and d can be estimated.

E. Canonical Coincident State-
Perturbation Observer Design
A CSPO is modeled to estimate the states and
perturbations of the buck converter model. The
equations for this observer are given in as
follows:

Gy =Gy +111(a; —dy) (33)

) ) c ) A
b % - (U+d)+|11(Q1—Q1) (34)
LnCn

+

2 TRC LG
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A

d =lg3(q —dyp) (35)

In this regard, Gy, Goand d are respectively the
estimation of qq, qpand d . |11, l22 and I3 are the
observer gains. Let consider the estimation error
of each variable byq; =q; —d1, d1 =q; —-Gpand

d=d-d. Hence, the estimation error can be
obtained as follows:

dp =0z — 11201 (36)
= 51 aZ En 7 =~
=- - d-I
2= c TR TLc, tem @)
d =d-l330; (38)
It can be generally represented by:
d = Ad +Byd (39)
Where:
q-=li @ df (40)
~ly; 1 0 (41)
1 1 E
=|- +1 - n
AO (LHCH ZZJ RnCn ann
—la3 0 0
0
B, =|0
1

The characteristic equation of the matrix A, is
given as follows:

$*+ I11+L st + I22+i+ S
RnCn LnCﬂ RnCn
L E (42)
=
LG,

The wvalues of observer gains along with
Ly, 15, and I;;are  determined somehow  the
eigenvalues of the A, matrix to be located at the
left side of the imaginary axis.

IVV. DYNAMIC SLIDING MODE CONTROLLER
BASED ON COINCIDENT STATE-
PERTURBATION OBSERVER

Unlike conventional sliding mode controllers,
the dynamical sliding mode controller engages
an integrator in the control law to diminish the
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effect of the chattering phenomenon. This
control method can give different characteristics
to the control structure by selecting different
sliding surfaces. The uncertainties in the buck
converter can be considered as matched and
mismatched perturbations in the system. Since
these perturbations are not determinate, they
must be estimated using an accurate observer.
Given that both the output voltage and the
inductor current are measured in the existing
system, it is easy to estimate these perturbations
using observers. But, the main challenge is
related to the inductor current which is not
measured. To control the current sensorless-
based buck converter with matched and
mismatched uncertainties, the system must be
modeled in such a way that by measuring the
output voltage, both the inductor current and
system  perturbations can be estimated.
Therefore, the canonical model of the buck
converter is provided in in the previous section.
As mentioned before, dynamic sliding mode
controller is essentially presented to reduce the
chattering effect. Also, due to being current
sensorless, the sliding surface is selected so that
there is no need for the inductor current and
reference current, and only the output voltage
and reference input voltage along with its
derivatives are available. Having the estimated
values of the variables g1 and gz, the sliding
surface is considered as follows:

e=d; -0 (43)
S=é+ﬂe:(dl—<ﬁ)+ﬂ(d1—q’£)= (44)

(dz +l(0y — g )- QI)+ ﬂ(@l ~q
§= (Q2 + |11(Q1 - dl)_ d’{)+ /1(512 +lylop - y)- (ﬁ)= (45)

i G, B[ i)

[-ql-qz+Lg(u+d)+lzz(q1—q1)+|11(q1—q1)—q1]

n~n

+ 1((12 +lyglog - Gy)- Q1)
k@

- +
LiCn RiCn

E, (46)

LnCh

‘o (u+6j+|22(q2—6|1)+

|11(a2 - (Q2 + |11(Q2 - %)))— G1
+ /1((;12 + |11(Q2 - dl)_ qI)

According to the sliding surface derivative,
which is presented as follows:

$=—k-sign(s) 47)

The control law can be represented formulated as
follows:
U=, ~k-sign(s) =

LG, Ljén*%‘lzz(%‘d1)‘|11(d2‘(d2+|11(q2‘d1)))+

_(48)

Qi*‘ﬂv(sz”ll(%‘@)‘q;)‘ LﬂEgnd

.—ksign(s)

As can be seen from the control law, there is no
need to measure the values of output voltage and
inductor current, while the controller has tracked
the reference voltage without dependence on the
values of output voltage and current. The
existence of the integrator in this control law
eliminates the chattering phenomenon, and also
increasing the value of the parameter k cannot
exacerbate this phenomenon. One of the great
advantages of this method is the lack of need to
measure the inductor current and output voltage,
which can significantly reduce production costs
in practical applications.

V. SIMULATION RESULTS AND VALIDATION

This section has essentially focused on the
designed control scheme results, and then
analysis and validation. For better understanding
the difference between the proposed control
scheme and others, the results of each of the
controllers were taken into account for the buck
converter system. The buck converter circuit
consists of components whose nominal values
are given in Table 1. In this circuit, it is assumed
that the diode and the switch are ideal.

Table 1. Nominal values of buck converter parameters

Components Parameters Nominal Unit
values

Resistance R 15 Q

Capacitor C 125 uF

Inductor L 200 mH

Voltage source E 20 \Y

Switching frequency fs 10 kHz

A. Buck converter control under certain
parameters and nominal condition
To design and analyze the sliding mode
controller, the gain value is considered k=1. The
output voltage and inductor current in which the
actual values of the parameters are exactly equal
to the nominal values are presented in Fig. 6 and
Fig. 7. As to Fig. 8, the chattering phenomenon
is enormous in duty-cycle despite no
consideration of uncertainty in the system that
must be inevitably passed through a limiter. This
method can deteriorate the system controllability
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and stability. In some cases, instead of the sign B. Buck converter control under

function, the saturation and tangent functions are parametric uncertainty

used to reduce the chattering phenomenon, but  In this section, it is considered that the value of

the system controllability and stability fall into  the resistance changes from 15 to 10Q in 0.2s

the deleterious condition. which remains for 0.5s, whereas its value
instantly reaches to 20Q which stays for 1s.
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& AN\ = Conventional sliding model controller
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Fig. 6. Output voltage with conventional sliding mode controller under certain parameters.
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Fig. 7. Inductor current with conventional sliding mode controller under certain parameters.
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Fig. 8. Duty cycle with conventional sliding mode controller under certain parameters.

_ _ _ of the duty-cycle according to Fig. 11 has been
The output voltage and inductor current in which  significantly reduced as compared to discarding
the actual values of the parameters are exactly  the system uncertainty. This uncertainty affects

equal to the nominal values are presented in Fig.  the performance of the closed-loop system, and
9 and Fig. 10. Also, the chattering phenomenon
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the output voltage and inductor current have  mode controller as compared to the conventional
relatively deviated from the nominal value. sliding mode controller under this parametric
uncertainty. The ability to reduce chatting of this
The simulation results validate the robust  controller was also confirmed.
performance of the proposed dynamic sliding
14
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©] = Proposed dynamic sliding model controller
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Fig. 9. Output voltage with conventional sliding mode controller under certain parameters.
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Fig. 10. Inductor current with conventional sliding mode controller under certain parameters.
i J r I I I I I

A oo
VHHVHHHHHHVHHVHHVHH:\

)

1.199 1.1992 1.1994 1.1996 1.1998
Time (s)

—_

Duty cycle

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)
Fig. 11. Duty cycle with conventional sliding mode controller under certain parameters.

actual values of the parameters are accurately
C. Buck converter control results with equal to the nominal values. The duty-cycle
CSPO-based DSMC under curve presented in Fig. 14 has transparently
parametric uncertainty validatgd the significant diminishing the
The previous uncertainty is considered for this chattering phenomenon. The CSPO-based
section. Fig. 12 and Fig. 13 have respectively the
output voltage and inductor current in which the
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DSMC even with presence of parametric
uncertainty is capable and efficient to reduce the
effect of uncertainty and promptly retrieve the
voltage to its nominal value. In fact, the
proposed controller reduces the effect of

perturbations due to parametric uncertainty by
measuring the shortcomings of conventional
sliding mode controllers without measuring the
inductor current. The results validate the robust
performance of the proposed controller.
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Fig. 12. Output voltage with conventional sliding mode controller under certain parameters.
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Fig. 13. Inductor current with conventional sliding mode controller under certain parameters.
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Fig. 14. Duty cycle with conventional sliding mode controller under certain parameters.

V1. CONCLUSION
The system control of buck converter is
functionally designed to adjust the output voltage
of fuel cell during the input voltage and load
resistance variation, and also track different
reference voltages. One effectual strategy to
control such these systems is to implement the

sliding mode controller. Conventional sliding
controllers are only robust against matched
uncertainties and perturbations, while the
uncertainties expressed in the buck converter are
mismatched and the sliding mode controllers are
mismatched  against these  perturbations.
Therefore, this paper proposes a novel dynamic
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sliding mode controller based on coincident
state-perturbation observer to reduce the impacts
of mismatched perturbation and enhance
controllability and tracking performance of the
buck converter. Another salient problem related
to the sliding mode controllers is the chattering
phenomenon which is effectively solved by the
proposed controller.

Due to matched and mismatched nature of this
system, the inductor current must be essentially
measured to estimate them. To overcome this
problem, the buck converter has been modeled in
canonical form that both perturbation types are
appeared in matched perturbation to -easily
estimate the perturbations by observer, and also
there is no need to measure the inductor current.
To sum up, the results can be presented as
follows:

1- Elimination of chattering phenomenon using
proposed sliding mode controller

2- Elimination of inductor current sensor to
estimate the perturbation using canonical model
of buck converter

3- Reduction of the perturbation impacts caused
by parametric uncertainties to enhance
controllability and tracking performance of the
buck converter
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