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Abstract—A switched-inductor (SL) multi-cell boost converter
is analyzed in this paper for a high-voltage gain application,
stepping up a dc voltage from 36 V to 380 V in the first stage of a
photovoltaic (PV) conversion chain. A fast maximum power point
tracker (MPPT), processing the system input voltage, is used to
extract the maximum power from the PV generator regardless
of atmospheric conditions. A single sliding-mode control (SMC)
loop forces the PV generator voltage to follow the maximum
power point (MPP) voltage provided by a Perturb and Observe
(P&O) algorithm. The sliding-mode analysis uses the equivalent
control approach to demonstrate that the linearized ideal sliding
dynamics are unconditionally stable. Theoretical predictions are
corroborated by simulations and experimental measurements of
the system under step-type changes in input irradiance and
output load. The MPPT performance is experimentally evaluated
against two classical approaches applied to a canonical boost
converter: a current-based SMC and a voltage-based PWM. Both
approaches track the MPP current and voltage, respectively, as
given by the P&O algorithm. The proposed system outperforms
the two classical systems, showing a better tracking accuracy.

Index Terms—Photovoltaic, high gain dc-dc converter, MPPT,
sliding-mode control, voltage-mode control.

I. INTRODUCTION

OSSIL fuel-based electrical energy is not only costly and
limited but also has an adverse effect on the environment.
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For that reason, there is an increasing demand for the deploy-
ment of alternative sources of energy [1]. In this context,
renewable energy sources (RESs) have proven to be a highly
promising solution because of their vast utilization potential.
This is the motive why nowadays RESs possess a measurable
share in the global energy spectrum [2]. But the type and level
of the output voltage/current of these renewable-based sources
such as photovoltaic (PV) arrays, wind turbines, and fuel cells
are not suitable for the direct connection to the ac mains, dc
bus of a microgrid, battery system of an electric vehicle (EV),
home appliances, etc. Due to this incompatibility, the scientific
interest in power electronic converters continues to grow
significantly, as they enable the integration of an increasing
share of RESs with loads exhibiting diverse characteristics.

In this diversification of RESs, the utility-scale solar PV is
the least costly option for new electricity generation. However,
due to the wide difference between the voltage of a PV
standard module (typically 30 V to 40 V) and the operating
voltage of dc loads or dc buses (typically 380 V to 400 V), a
high-voltage-gain dc-dc boost converter is required [3]. This
kind of converters is also needed in many other applications
such as in EV charging stations [4], microinverters [5], battery
charging [6], data centers [7], satellites [8] and dc microgrids
among others.

Designing a high-voltage gain dc-dc converter with a min-
imum number of components along with high efficiency and
fast dynamic response is a challenging task. Several dc-dc
converter topologies have been proposed and developed with
a high voltage gain over the years [9]. Although theoretically,
the conventional dc-dc boost converter could give a high
voltage gain with high values of the duty cycle, in practice
commercial pulse width modulators (PWM) do not operate
properly beyond a duty cycle of 0.7. Nonetheless, a hysteretic
comparator (HC) can work beyond the limit of 0.7 duty cycle
at the expense of operating at the boundary between contin-
uous conduction mode (CCM) and discontinuous conduction
mode (DCM) to minimize the power losses caused by the
parasitic parameters [10]. Cascaded boost converters [11],
[12] can be used to mitigate this problem but at the price
of a lower efficiency caused by multiple power processing
stages.

On the other hand, high-voltage gain in a single stage
can be achieved with high efficiency and few components
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introducing isolated magnetic devices. For instance, a high-
frequency step-up transformer is used in dc-dc push-pull and
flyback converters [13], [14]. However, involving a trans-
former increases the size and may lead to saturation effects.
Coupled inductors have been employed in single-stage non-
isolated converters as an alternative to these transformer-based
converters [15], [16], [17], [18], but the leakage inductance
associated to the magnetic coupling can cause a high-voltage
spike across the switch. This impairs the efficiency and limits
the effective duty cycle. The Z-source converter has also been
proposed as an alternative for high voltage gain [19], but
the low efficiency of this topology has limited its use in PV
applications as reported in [20]. A family of single-switch
PWM converters has also been presented in [21] to show
better performance and efficiency over the Z-source converter.
In addition, a single-stage single-phase dual-output hybrid
converter has been introduced in [22] but with low efficiency.
Non-isolated high-gain converters can also be achieved by
integrating a dual boost converter with a switched-inductor
(SL) structure [23]. A competitive example of an efficient
transformer-less solution is the quadratic boost converter with
high dc gain reported in [24], which can step up the voltage
of a standard photovoltaic panel up to 400 V. More recently,
a novel switched-inductor (SL) multi-cell boost converter has
been proposed for high voltage gain applications [25], where
the steady-state analysis has been performed.

On the other hand, MPPT control is essential in a PV
system since it continuously adjusts the working point of the
PV source and forces its operation at the maximum power
point (MPP), hence increasing the efficiency. Among many
MPPT algorithms such as the classical (perturb and observe
(P&O), incremental conductance (IC)), those of intelligent
type (fuzzy logic, neural networks), the optimization-based
strategies like particle swarm optimization (PSO), grey wolf
optimization (GWO), and the ones of hybrid composition
(PSO-P&O, Fuzzy-PSO), the most used MPPT techniques
are P&O and IC algorithms [26]. Some variants of these
two algorithms are also used in mobile PV applications such
as wearable technology and rooftop electric vehicles under
fast changing atmospheric conditions [27], [28], [29]. The
main advantage of the conventional P&O technique is its
simplicity of implementation and excellent cost-effectiveness.
In addition, no knowledge of the PV generator characteristics
is required. At steady-state, this technique forces the PV
generator to operate in a limit cycle in the vicinity of its
MPP with a small oscillation around it characterized by the
MPPT perturbation period Ty (or frequency fmpp) and its
corresponding perturbation amplitude Appp.

In this context, the sliding-mode control (SMC) [30] has
been used to perform extremum seeking control (ESC) for
MPPT in PV systems exhibiting accuracy of tracking and easy
integration in the control of dc-dc switching converters [31].
The resulting algorithms are known as sliding-mode extremum
seeking control (SM-ESC) and a representative description of
their behavior can be found in [32], [33], [34], [35], and [36].
More recently, fast and accurate convergence in tracking the
MPP is the result of using SMC with self-optimization in a
PV system using a boost converter as a power interface to the

load [37]. Structurally similar in terms of functional blocks
to the previous work but different in terms of mathematical
functions processing the tracking error, a conductance-based
MPPT has been reported in [38] with a complete analytical
description of its tracking process. A power versus conduc-
tance curve of the PV source is used to accurately track
the MPP.

Different sliding surfaces can be used in SMC-based MPPT
implementations but they all have in common the use of a
reference provided by the MPPT algorithm. For instance,
in [34], the sliding surface corresponds to the error between
a reference signal and the input capacitor current, the goal
being tracking the MPP while rejecting a 100 Hz frequency
disturbance in the dc output of a boost converter connected
to a single-phase inverter. The sliding surface in [35] uses
a linear combination of input capacitor voltage and inductor
current together with a reference signal in a boost converter to
supply a dc load. Based on the power-current characteristics
of the solar panel, the work in [36] employs a sliding surface
in a single-ended primary inductor converter (SEPIC) that
corresponds to the error between the input inductor current
and the reference current given by an MPPT algorithm. In all
cases, besides sensing the current and voltage of the panel for
the P&O algorithm, it is necessary to use sensors for either
inductor or capacitor current to form the sliding surface.
Indeed, using these variables is the key point for guaranteeing
a sliding-mode regime.

With the aim of extracting the maximum power from a
standard solar panel stepping up its voltage from 30 -36 V to
380 V in one stage, this paper introduces a single-loop voltage-
based MPPT using SMC (SLVB-SMC). The proposal is an
SMC-based MPPT strategy for an SL 4-cell boost converter
with a switching function determined solely by the error
between the PV voltage and a reference signal generated by a
P&O MPPT algorithm. The main antecedent of this report is
the work published in [39], where it was shown by simulation
that SL. multi-cell boost converters are characterized by a fast
dynamic response when used for PV maximum power point
tracking (MPPT) with a PWM-based control strategy. The
novelty presented here is the use of SMC instead of PWM
and the experimental verification of the theoretical predictions.
This proposal does not require sensing the inductor current
in a clear-cut contrast with all existing SMC-based MPPT
methods. This is because the sliding-motions can be directly
induced using the PV panel voltage error with respect to the
MPP voltage as sliding variable. This is a remarkable feature
of the SL multi-cell boost converter, which is reported here
for the first time. More specifically, the main contributions of
this paper are as follows:

e A systematic method is established for the design of
SMC-based MPPT controllers in SL multi-cell boost
converters using a simple switching surface based on
the PV panel voltage error. The study includes the
stability analysis of the system for a general case of
N cells.

e The resulting SLVB-SMC requires only two sensors to
measure both current and voltage of the PV panel contrary
to the existing current-based SMC for MPPT controllers
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Fig. 1. Schematic circuit diagram of a PV fed SL N—cell boost converter loaded by CCL and resistor.

that require at least an additional sensor with a high
bandwidth to measure an inductor current.

e The proposed SLVB-SMC yields a fast response to rapid
changes of irradiance in the PV generator. It also pro-
duces fast stable transitions to new equilibrium points in
response to step changes in the current load even in cases
of absence of damping elements in the power stage.

o It exhibits less tracking error and small limit cycle
amplitude around the MPP than classical SMC-based
MPPT controllers processing the inductor current error
with respect to the MPP current.

e In comparison with other SMC-based MPPT controllers,
the method is simpler in terms of circuitry, which results
in reduced hardware complexity and cost.

The remainder of the paper is organized as follows. Sec-
tion II presents the system description and the mathematical
modeling of the system consisting of a PV-fed multi-cell
high-voltage-gain boost converter under an SLVB-SMC. The
stability analysis is performed in Section III. Numerical simu-
lations and experimental results are given in Section IV where
the system’s performance is evaluated. The experimental com-
parison of the proposed control with a current-based SMC and
a voltage-based PWM for MPPT in a canonical boost converter
is carried out in Section V. A discussion on the uniqueness of
the proposal is given in Section VI. Finally, the conclusions
of this work are summarized in the last section.

II. DESCRIPTION AND MATHEMATICAL
MODELING OF THE SYSTEM

A. System Description

The system under study consists of a single PV generator
that feeds a parallel combination of constant current load
(CCL) and resistive load through an SL N—cell high volt-
age gain boost converter which was first proposed in [25].
Fig. 1 shows the schematic diagram of the described system.
The SL N—cell boost converter acts as an interface between
the PV generator and the load. A P&O MPPT control is

used for generating the reference signal for the PV voltage
which is controlled in such a way the PV source operates at
the MPP. All the inductance values are considered identical
for analysis simplicity, hence L; =L, =...=L which leads to
equal corresponding inductor currents i, =iy, =...=if.

B. Full-Order Switched Model

By applying Kirchhoff’s laws to the converter depicted in
Fig. 1 and considering CCM, its dynamical behavior can be
described by the following set of differential equations:

dig, Vp — Vo Vp

L _-0- - 1
a - W=y g (1a)
dv,, ip—NiL ip—iL

e T oy b
a -G, +{d-u c, (10)
de iL I Vo

Yoot Z_ Lo 1
@ " 1"WeT G ke (Ic)

where u € {0, 1} is the discontinuous control variable for the
converter.

The SL N-cell boost converter is controlled using an SMC
by appropriately selecting its sliding variable according to the
desired steady-state Vpp, of the PV voltage v,. Namely, the
sliding variable is selected as follows:

$=Vp = Vinpp 2

where the reference voltage Vi is dictated by the MPPT
control system.

The nature of the SMC is to operate ideally at an infinite
switching frequency such that the controlled variable can
track a certain reference to achieve the desired sliding-mode
dynamic response and steady-state operation. However, infinite
switching frequency operation is not possible due to the
limited speed of the switching devices. In order to mitigate this
problem, the switching policy is relaxed by using a hysteresis
loop in the switching decision. This is achieved by the help of
a HC. Accordingly, the switching frequency can be adjusted
by the value of the hysteresis width 4 of the comparator.
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C. Equivalent Control

The invariance condition of the sliding-mode regime to
take place implies that s = § = 0 [30]. Under this con-
dition, the PV voltage v, converges to its reference value,
and an equivalent control input ue, exists. This equivalent
control corresponds to the system dynamics when the trajec-
tory is confined into the switching surface defined by v, =
Vmpp» Where the system switches with theoretically infinite
frequency.

The expression of the equivalent control can be obtained
by making s = § = 0 and solving for u in the switched
state equations [30]. For the SL N-cell boost converter,
§= %” =0. Now using (1b), the expression for the equivalent
control is o

Ip =1L
Y = N = iy )

Note that this equivalent control variable is not defined for
the canonical boost converter (N = 1) with PV voltage as
the controlled state variable. Hence, the SLVB-SMC of that
converter is not possible. It should be pointed out that this
variable must be bounded between the extreme values of the
discontinuous binary variable u, i.e,

0<eq<1 “4)

This range of the equivalent control can be used to
determine the sliding-mode domain in the state space. The
sliding-mode domain can be obtained by imposing the previ-
ous existence condition which results in a constrained range
of the inductor current as follows:

p .,
N <1 < i (5)
Once more it can be observed that for a canonical boost
converter (N = 1), this interval does not exist because
it shrinks to a single point and sliding-mode regime will
therefore not occur while for the SL. N—cell boost con-

verter, sliding-mode regime will take place once (5) is
fulfilled.

D. Reduced-Order Model

Once the sliding-mode regime is reached and the system
trajectory is confined into the switching surface defined by
Vp = Vimpp, the system dynamical behavior can be described
by a reduced-order dynamical model that can be obtained
by substituting the discontinuous control input u by the
equivalent control u.q (3) in the switched model (la)-(1c),
and taking into account the order reduction imposed by the
sliding condition v, = V. The reduced-order ideal slid-
ing dynamics model for the converter can be expressed as
follows:

di .

d—f = g1(iL, o) (6a)

dv,

;I = (L. vo) (6b)
Vp = Vipp (6¢)

where functions gi(-) and g»(-) are given by the following
expressions:

((N_I)Vmpp+vo)(ip_iL)
NL(N - D)y,
Ni;p —i, 3 1 Yo

(N-1)C C RC

This reduced-order model can be used for performing the
stability analysis of the system under sliding-mode conditions.

Vmpp — Vo
NL

&1L, vo) = (7a)

82(iL,vo) = (7b)

III. STABILITY ANALYSIS

By forcing g1(ir,v,) =0 and g»(iz,v,) =0, the equilibrium
point can be calculated and it can be expressed as follows

I (Impp + (N - 1)1) + (N - I)VM
Ly _ N 2RN
(1)- v ®
2

where Vi = /R2I? + 4RIy Vimpp— IR and we have considered
that the PV generator is operated at the MPP as imposed by
the MPPT control i.e., i, = Inpp. Using the expression of the
equilibrium point given in (8), the steady-state value of the
equivalent control (3) becomes:

2R(Inpp = ) = Vit
2RIppp + (N — DRI + Viy)

In order to perform the stability analysis of the system, the
nonlinear equations of the reduced-order model (7a)-(7b) are
first linearized around the equilibrium point given in (8). Let
iy =i, —1I; and 9, = v, — V,. Then small-signal linearized
model is given by

Ueq = &)

d’l:L (9g1(iL, VD) agl(iL9 Vo) N
o o, ov, i
dv, 082(iL, vo) 082(iL, Vo) ' ( Do (10
e UL,Vo)
dt dig. ov,

Therefore, after calculation of the different partial deriva-
tives, the corresponding Jacobian matrix J is obtained and can
be expressed as follows:

2NR? Lnpp(2(N = 1D)Vipp + Vi) 2IR + Viy

LIN -1V LVy
J= N 1 (11)
(N-1C RC
where Vy is given by
Vn=(N — DQ2RI + Vi) + 2RIy (12)

The characteristic polynomial of the Jacobian matrix J can be
expressed as follows

P;(A) =det(AI - J) = 2> +al+ (13)

where I is 2 x 2 identity matrix and «, B are given by the
following expressions

_ (N=1)LVy, 4 2NCR® Ly (2(N = 1) Vinpp + Vi)
@ (N - DLCRVZ
_ Ny Vy+2R2(N = Dlinpp Vinpp + 1V =+ Iinpp Vi)
a (N-1)LCV3

(14a)

B

(14b)
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Fig. 2. The schematic circuit diagram of the prototype of PV-fed SL 4-cell boost converter loaded by a CCL.

Since Vy;>0 and Vy >0, it can be observed that >0 and
B>0 and therefore, the roots of the second-order characteristic
polynomial (13) given in (15) are always located in the left
half plane (LHP)

1
Aia = —% + 5 Va2 4B

Because /a2 —-48 < a as B > 0, the real part of the
roots is always negative and consequently, the system is
unconditionally stable.

It is worth noting that when the resistive load is not present
(1/R=0), see Fig. 1), the coefficients of the polynomial (13)
become as follows

15)

accL = Nlmpp Voo (16a)
LICN — D(Umpp + (N = 1)I)
NI
BceL = (16b)

LC(N-1)Uypp + (N = DI)

Since accr >0 and Becr > 0, the system is also uncondi-
tionally stable in this case.

Unlike conditional stability, where stability depends on
specific parameter values or operating conditions, uncondition-
ally stable systems do not require fine-tuning of parameters
to maintain stability. For a linear continuous system time-
invariant (LTI) system, unconditional stability implies that all
poles of the system’s transfer function remain in the left half
of the complex plane regardless of parameter variations.

IV. NUMERICAL SIMULATIONS AND
EXPERIMENTAL VALIDATION

In this section, the numerical simulations and the experi-
mental measurements are presented to validate the previous
theoretical results. The numerical simulations are performed

using the circuit switched model implemented in the PSIM®©
software. It is worth noting that although in the previous
theoretical analysis a resistive load together with a CCL was
considered, in both the simulations and the experiments this
resistive load has not been used. Note that this case is more
challenging from a control point of view because ideally, the
system does not have any damping element in the power stage.
The schematic circuit diagram of the experimental prototype
is depicted in Fig. 2. The prototype was developed in the
laboratory using two PCBs, one for the power stage and
the other for the control. The SL 4—cell (N = 4) high-
voltage-gain boost converter has been implemented using four
identical toroid inductors. One MOSFET switch has been used.
Ten diodes with different characteristics have been used to
implement the SL and the main diode of the power stage.
The SMC is implemented by analog control using operation
amplifiers (OPA277) and a hysteresis comparator (LM311P).
The reference signal for the PV generator voltage is provided
by a P&O MPPT algorithm with perturbation period Tiypp =1
mS (fmppe = 1 kHz) and perturbation voltage Appp = 0.1 V. The
P&O MPPT algorithm has been implemented using a digital
signal processor (DSP) chip (F2879D). The converter is loaded
by a constant current load absorbing a current /=0.57 A which
is emulated by the electronic load EA-EL-3400-25. The input
to the converter is fed by the PV emulator E4360A. In the
simulation, the PV generator model TSM-340 has been used.
The same parameters corresponding to the PV model are used
in the PV emulator. A picture of the developed prototype in the
laboratory with the measuring instruments is shown in Fig. 3.
All the parameters for the power converter, controller, and PV
generator are listed in TABLE I and TABLE II respectively.
From theoretical calculation using the set of param-
eter values shown in TABLE I and at an irradiance
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Fig. 3.

@ Solar
array simulator E4360A, @ SL 4-cell boost converter power stage,
® Electronic load EA-EL-3400-25, @ DSP TMS320F28379D with the
P&O MPPT control, ® Analog voltage-based SMC, ® PV current sensor
LA25-NP, @ current probe Tektronix TCPO030A (120 MHz), Power
supplies for driver, current sensor, analog and digital control and @ Digital
oscilloscope Tektronix MSO3014.

A picture of the overall experimental setup.
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TABLE I : . [P Rl
THE PARAMETER VALUES FOR SL 4-CELL BOOST CONVERTER : / : : p
L Cy C T [N[ h [ Juppt | Bmppt ———— 3
220 WH | 10 uF | 47 uF | 057A | 4 | IV | 1kHz | 0.1V o 7 ; ; j
j - - A il e o SR,
TABLE II e
INTERNAL PARAMETER VALUES OF THE PV MODULE B R N TR SR Ty ey R RS
— = = : : _
arameter alue —
Number of cells Ng 72 -1 S0y &% o J[A T io%%so/\:cs Li‘."oo/A ][ B:i%‘?a?m
Standard light intensity Sy, 1000 W/m? @ coov - )
Ref temperature ©,, 25°C (b)
Series resistance 7 0.005 ©2
Is’?lrallel. resistance RPI ;06070/? Fig. 4. The system response during the start-up at irradiance 900 W/m? and
ort c.1rcu1t current [sc : _g temperature ® =25°C. (a) Simulation, (b) Experimental. PV voltage (v,) —
Szjlturatlon current Io 42x107° A 10 V/div, PV current (i,) — 5 A/div, converter output voltage (v,) — 50 V/div,
Band. energy Eg 12 eV and instantaneous power (p) — 50 W/div. Time base — 4 ms/div.
Ideality factor A 1.3
Temperature coefficient C'g 0.00325 A/°C

of 900 W/m?, temperature ®=25°C, the switching frequency is
fs =61.64 kHz [40] while experimentally, f; ~ 56 kHz. The
error can be attributed to parasitic elements and tolerances in
the parameter values.

Fig. 4 shows the response of the system during start-up at
an irradiance of 900 W/m?, temperature @ =25°C. The wave-
forms of the voltage, current, and power of the PV emulator
are illustrated. It can be noticed that the state variables at the
input port of the system, where MPPT is performed, reach
to steady-state in less than 4 ms. The output voltage takes
more time to reach its steady-state. Note, however, that this
variable is not regulated and that the time needed for reaching
its steady-state depends on the output capacitance value. It can
also be noticed that the PV source reaches its MPP in about
four times the MPPT period Tppe=1 ms (fmppe=1 kHz), i.e,
within 4 ms.

Fig. 5 shows the steady-state waveforms of the converter
at an irradiance of 900 W/m? and temperature ® = 25°C
by numerical simulations and experimental measurements.
In this figure, the voltage and the current of the PV source are
illustrated. The extracted power is shown in the same figure
where it can be noticed that the PV source is operating at
the MPP corresponding to the used values of irradiance and

temperature. In the same figure, it can be observed that the
output voltage of the converter reaches 380 V, the PV voltage
being about 36 V and hence the voltage gain of the converter
is practically 11. Therefore, the numerical simulations and the
experimental results are in good agreement. The measured
efficiency for the SL 4—cell high-voltage-gain boost converter
at this condition was 91%.

It is proved that the system is stable in the vicinity of the
equilibrium point. The system is also tested under various
parametric changes, including different irradiance levels and
load variations, particularly when operating far from the
equilibrium point. Firstly, a step change in irradiance level
from 600 W/m? to 900 W/m? was carried out in the solar
emulator and the resulting waveforms are shown in Fig. 6.
It can be noticed that the transition from one MPP to another
requires a small transient time of around 3 ms with a very
small overshoot. Similarly, the output voltage requires a longer
transient time to reach steady-state. The system trajectory in
the v, — i, plane under irradiance level change is shown in
Fig. 7. It can be noticed that the system trajectory in the
(vp,ip) plane moves from the operating point A at irradiance
600 W/m? to the other point B at irradiance 900 W/m?
without any overshoot of the PV panel voltage v, hence
demonstrating the ability to control the PV generator voltage
using a SLVB sliding-mode regime and forcing the system
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Fig. 5. The system response in the steady-state at irradiance 900 W/m? and
temperature ® =25°C. (a) Simulation, (b) Experimental. PV voltage (v,) —
10 V/div, PV current (i,) — 5 A/div, converter output voltage (v,) — 50 V/div,
and instantaneous power (p) — 50 W/div. Time base — 4 ms/div.

to operate in the vicinity of the MPP under external changes
thanks to this control strategy.

The dynamic response of the SL 4—cell high-voltage-gain
boost converter was also tested under a step change in the CCL
current which was varied from 0.57 A to 0.8 A. The results
are shown in Fig. 8 where the waveforms for the PV generator
variables are illustrated. It is worth noting that the operating
point has been adjusted to match the demanded power by
the load. The output voltage of the converter decreases when
the load current increases to maintain the power at the level
dictated by the PV generator. In all the tests, a good matching
can be observed between the numerical simulations and the
experimental results. In terms of the response speed, the results
reported in this paper outperform the ones reported in some
key References using only voltage control to perform MPPT
such as [41] where a boost converter performing a P&O MPPT,
and the optimal selected MPPT perturbation frequency fmppt
was 100 Hz and [42] where the same converter was considered
and the optimum selected perturbation frequency was 10 Hz
for a motor pump application. In most studies employing the
boost converter and the P&O MPPT method, the perturbation
frequency does not exceed 100 Hz [34], [35], [37], [38].
In [34], both the capacitor current and the inductor current
were utilized to enhance the system response speed, but
this was at the price of increasing the number of current

(b)

Fig. 6. The system response under step change in irradiance from 600 W/m?
to 900 W/m” at temperature ® = 25°C. (a) Simulation, (b) Experimental.
PV voltage (v,) — 10 V/div, PV current (i,) — 2 A/div, converter output
voltage (v,) — 50 V/div, and instantaneous power (p) — 50 W/div. Time
base — 4 ms/div.

TABLE III
COMPARISON BETWEEN THE PROPOSED AND EXISTING APPROACHES

Reference| Converter Current | MPPT MPPT
sensor | type speed
[41] Boost Yes P&O 100 Hz
[42] Buck Yes P&O 10 Hz
[35] Boost Yes P&O 50 Hz
[36] SEPIC Yes P&O 500 Hz
[34] Boost Yes P&O 16.6 Hz
[38] quadratic boost Yes ESC 10 Hz
[11] cascaded-Boost Yes ESC 100 Hz
[37] Boost Yes Self-optimization 20 Hz
Proposed | SL N-cell boost | No P&O 1 kHz

sensors and consequently the cost of the converter. In [36], the
500 Hz MPPT frequency using a SEPIC was reached thanks
to the use of current mode control in sliding-mode operation.
With the SL 4-cell boost converter, an MPPT frequency of
1 kHz was achieved, leading to a system response 10 times
faster than the most of the reported works and 2 times faster
than [36] without using any current feedback thanks to the
fact that the topology allows voltage mode control in sliding
regime. The results of the proposed system compared with
some similar topologies have been summarized in Table III.
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TABLE IV

THE PARAMETER VALUES FOR CURRENT-BASED SMC
FOR MPPT OF A BOOST CONVERTER

L Cp C 1 h fmppt Amppt
220 pH | 10wk | 10 uF | .1A | 1.0V | 500Hz | 0.1V
TABLE V

THE PARAMETER VALUES FOR VOLTAGE-BASED PWM
FOR MPPT OF A BOOST CONVERTER

fPwM
50 kHz

L [ C T
220 il | 10 uF | 10pF | 1.1A

Amppt
0.1V

fmppt
500 Hz

V. COMPARISON OF THE PROPOSED APPROACH WITH
Two PREVIOUSLY REPORTED SOLUTIONS

This section provides a comparative analysis highlighting
the advantages of the proposed control method. As mentioned
in Section I, extensive research exists on high-gain conversion
topologies. Here, the SL 4—cell boost converter with SLVB-
SMC is compared with a canonical boost converter that uses
current-based SMC and voltage-based PWM for MPPT control
[11], [34] in two different cases, see Fig. 9. The parameter
values are given in Table IV and Table V respectively. It should
be noted that the SLVB-SMC for MPPT control is not feasible
because the existing condition is not fulfilled.
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Fig. 8. The system response under step change in the load from 0.57 A to
0.8 A at temperature ® = 25°C and irradiance 600 W/m?2. (a) Simulation,
(b) Experimental. PV voltage (v,) — 10 V/div, PV current (i) — 2 A/div, con-
verter output voltage (v,) — 50 V/div, and instantaneous power (p) — 50 W/div.
Time base — 10 ms/div.

Fig. 10 illustrates the experimental results for the start-
up and steady-state regime of the boost converter under
current- based SMC for MPPT, where the transient response is
approximately 20 ms, which is significantly higher than the SL
4-cell boost converter. This slow response necessitates a longer
perturbation time in the MPPT algorithm to ensure the system
reaches a steady-state efficiently as shown by the steady-state
response.

A step change in irradiance level from 600 W/m? to
900 W/m? was carried out in the solar emulator and the
resulting waveforms are shown in Fig. 11. It can be noticed
that the transition from one MPP to another requires a transient
time of around 20 ms. As before, a larger transient time is
required for the output voltage of the converter to reach the
steady-state.

The system response under increased MPPT frequency
Jmppt =1 kHz is shown in Fig. 12. Note that a slow oscillation
has started around the MPP and the waveforms of the variables
are also oscillating.

Fig. 13 illustrates the experimental results for the start-up
and steady-state regime of the boost converter under voltage-
based PWM, where the transient response is approximately
50 ms, which is significantly higher than the SL 4-cell
boost converter. This slow response necessitates a longer
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Fig. 9. Schematic circuit diagram of a PV fed boost converter loaded by CCL.

(HC) (b) voltage-based PWM for MPPT.
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Fig. 10. The current-based SMC for MPPT of a boost converter response at
irradiance 600 W/m? and temperature ® =25°C. (a) Start-up, (b) Steady-state.
MPPT frequency fmppe=500 Hz. PV voltage (v,) — 10 V/div, PV current (i)
— 2 A/div, converter output voltage (v,) — 50 V/div, and instantaneous power
(p) — 50 W/div. Time base — 10 ms/div.

perturbation time in the MPPT algorithm to ensure the system
reaches a steady-state efficiently as shown by the steady-state
response.

A step change in irradiance level from 600 W/m? to
900 W/m? was carried out in the solar emulator and the
resulting waveforms are shown in Fig. 14. It can be noticed
that the transition from one MPP to another requires a transient
time of around 30 ms. As before, a larger transient time is
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Fig. 12. The steady-state response of the current-based SMC for MPPT of
a boost converter at irradiance 600 W/m? and and temperature ® = 25°C.
MPPT frequency fuppt =1 kHz. Time base — 10 ms/div.

required for the output voltage of the converter to reach the
steady-state.

To show the advantages of the proposed control method, a
PV power profile (change in irradiance with time) is taken to
compare the proposed control method with two other control
methods for MPPT as shown in Fig. 15(a). From the results,
it is clear that the SL 4-cell boost converter achieves a fast
response (tracking the power profile) using SLVB-SMC. The
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Fig. 13. The voltage-based PWM for MPPT of a boost converter response at
irradiance 600 W/m? and temperature @ =25°C. (a) Start-up, (b) Steady-state.
MPPT frequency fmppt =500 Hz. PV voltage (v,) — 10 V/div, PV current (i)
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(p) — 50 W/div. Time base — 10 ms/div.
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error (available PV power — MPPT power by control method)
in power is shown in Fig. 15(b) where average power loss
is higher in case of current-based SMC and voltage-based
PWM for MPPT of boost converter. Therefore, average MPPT
efficiency is higher in case of proposed SLVB-SMC.

The efficiency of the P&O MPPT mainly depends on
two factors, namely perturbation frequency and perturbation
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Fig. 15. (a) The PV power profile tracking performance by the three control
methods. (b) The error in power (available PV power — MPPT power).

amplitude which depend on the converter topology and the
control mode used. Therefore, these parameters can be selected
based on the dynamic behavior of a specific converter as
explained in [41]. As per the requirement, the perturbation
frequency should be low enough to ensure that the system
can reach a steady-state before the next perturbation occurs.
However, if the PV-fed converter has a fast response, the per-
turbation frequency of the MPPT can be increased accordingly.
The effects of these two parameters on the MPPT speed and
the resulting tracking efficiency have been discussed in [42].

VI. DISCUSSIONS: UNIQUENESS OF THE PROPOSAL

This section discusses the peculiar feature of the SL multi-
cell boost converters that allows the existence of sliding
motions using the SLVB-SMC described above. We will
show that other voltage step-up converters commonly used
in PV applications cannot undergo sliding motions using the
SLVB-SMC strategy but can reach the MPP using an SMC
that processes a function of the input inductor current. The
existence of sliding motions will be determined by vector
analysis [43] and related to the scalar invariant conditions
given by expression (3).

Converters in CCM can be described as follows

x=Aix+ B =f(x)foru=1
x=Aox+ By=f,(x) foru=0

(17a)
(17b)

where x is the state vector. Equations (17) can be expressed
in compact form as

X=Aox+ By+[(A; — Aop)x + (B, — By)x]u (18)
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Fig. 16. Vector illustration of the existence of a sliding-mode [44].

Deﬁning A= A(), 0= B(), B = Al - A(), Y= Bl - B(), the
following bilinear description is obtained [44]

x=(Ax +6) + (Bx +y)u=f(x,u) (19)

The existence of sliding motions can be illustrated as shown
in Fig. 16 [44]. In that figure, Vs is the gradient of the
sliding surface while f,(x) and f,(x) represent respectively
the vector field corresponding to u= 1 (state vector trajectory
above the switching surface) and u = 0 (state vector trajectory
below the switching surface). Sliding-mode exists when the
projections of the field vectors f, and f, over the gradient Vs
are of opposite sign and pointed towards the switching surface
defined by X={xs(x)=0}. The conditions for the existence of
a sliding-mode can be expressed as

lim, o+ (Vs, f1(x)) < 0
limyo- (Vs, fo(x)) > 0

(20a)
(20b)

where the notation (a,b) represents the scalar product of
vectors a and b. The ideal sliding dynamics is characterized
by an intermediate condition between (20) given by

s(x)=0
(Vs, f(x,ueq)) = 0

(21a)
21b)

Condition (21b) defines the equivalent control as the continu-
ous function that constraints the system trajectory to s(x)=0.
It can be expressed in scalar terms as ds(x)/dt=0, and hence
equations (21a) and (21b) are called invariance conditions as
mentioned above in Section II (subsection C). Condition (21b)
can be also expressed as follows

(Vs, (Ax + 6) + (Bx + y)ueq) = 0 (22)

From (22) we derive the expression of the equivalent control

 (Vs.(Ax +6))
Y=Yy, (Bx + 7)) 23)

Note that the equivalent control will exist if and only if
(Vs,(Bx +y)) #0 (24)

Condition (24) is called transversality condition and implies
that Bx 4 y cannot be tangent to the switching surface [43].

TABLE VI
EQUIVALENT CONTROL FOR CONVERTERS OF FIG. 17

Topology Ueq for SLVB Ueq for SLCB
Tp
Boost A 1—-—
e}
Buck 2 ve
ir Vp
Buck-Boost Z—p ve
11 vo + vp
Cuk A 1— Up
v Cl’u
SEPIC A P
Ugvl + ve,
Quadratic Boost A 1- 2
ve,

Regarding the SL N-cell boost converter, equations (1) lead to
the following matrices according to (17)

0 0% 0
I
A= 01 7= 0] B = |
—wg, 00 <
11
O -3 0
A=| ¢ ze 0 ) B=|"g,
1
-= 0 0 C_';
iL
, the state vector being x= | v, |, which results in A=A, B=
1 N-1 'p
o N
- 7 0 |, 6=By, and y #0.
_N-1 ¢ 0

For the switching variable 5(x)=v, — Vinpp, the correspond-
ing gradient is Vs = (0 O 1). From the calculated matrix
expressions, Bx 4 y can be expressed as follows

Bxﬂz(v,,(zv—l)wo iL (N—l)iL)T

NL c C,

where the symbol T stands for transpose operator.

(25)

Hence, (Vs,(Bx +v)) = —% # 0, which justifies the
»
existence of sliding-mode motion and equivalent control. In
addition,
(Vp -Vo) ip v 1 (ip =i\’
A o=\—"—/7 =—-—=-= 26
ol ( NL C RCC ~—C (26)

and finally from (23) the equivalent control expression in given
by .
Ut = Ip =1L
“T (N - Dig
which is exactly expression (3), that has been obtained above
by means of the scalar description of the invariance conditions,
i.e., s(x)=0 and ds(x)/dt=0.

If we reproduce the vector analysis in the converters
depicted in Fig. 17, which are often used in PV applications,
we deduce the results illustrated in Table VI. Two cases have
been considered in the Table; namely, the switching variable
$(x)=v, — Vinpp, and the switching variable s(x)=i; — Iypp, in
which i; is the inductor current in buck, boost and buck-boost
converters, and the input inductor current in Cuk, SEPIC, and
quadratic boost converters.

27)
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Fig. 17. Converters commonly used in the first stage of a PV conversion chain.
(a) buck, (b) boost, (c) buck-boost, (d) Cuk, (e) SEPIC, and (f) quadratic boost.

It can be observed in the table that there is no equivalent
control and therefore no sliding-mode in the cases of the
voltage step-up converters like boost and quadratic boost for
the function s(x)=v, — Vipp. Similar situation arises in Cuk
and SEPIC converters, which can be used as voltage step-
up converters for duty cycles higher than 0.5. Conversely,
there is sliding-mode along the switching surface in the
case of the buck and buck-boost converters. Nonetheless, the
buck converter is a voltage step-down circuit and the buck-
boost converter could not be used here for voltage step-up
applications because the resulting equivalent control ueq =1, /i
has an upper bound of 1, which implies that the inductor
current ; must be bigger than the panel current i,, this case
corresponding to a voltage step-down operation. Finally, it is
worth mentioning that sliding-mode exists in all cases corre-
sponding to single loop current-based (SLCB) s(x) =iy — Inpp,
which represents the foundation of the existing SMC-based
MPPT methods mentioned in Section I.

The existence of equivalent control and consequently of
sliding-mode in the cases of the SL N-cell boost, buck, and
buck-boost converters when s(x)=v, — Vpy, can be interpreted
by considering the invariance condition ds(x)/dt = 0, which
leads to

dvp _ _itlieq + by 0 (buck and buck-Boost)  (28)
[ = = uck and buck-Boos

dr ¢, G

d LN = D .

dvp | aWN=Duq i\ b _ ) p Neell)  (29)
dr C, c, C,

Expressions (28) and (29) show that the dynamics of the
input voltage v, is a function of the control variable u, and

therefore the converters can be controlled in sliding-mode. On
the contrary, the dynamics of the input voltage v, results in
the boost, Cuk, SEPIC, and quadratic boost converters in the
equation

de iL ip

a  C, - C, 30)
where i; is the inductor current in the boost converter and
the input inductor current in Cuk, SEPIC, and quadratic boost
converters. Note that equation (30) does not depend of the
control variable u and hence the commutation resulting from
s(x) > 0 or s(x) < 0 cannot induce sliding motions but
other type of limit cycles when implemented with a hysteresis
comparator.

The fact that the invariant condition ds(x)/dt = 0 leads
straightforward in (28) to the equivalent control is a property
of the proposed switching surface. It is said that the relative
degree of the system for the selected surface is one because its
first time derivative leads to the expression of the equivalent
control [45].

VII. CONCLUSION

It has been shown in this paper that an SL. N—cell boost
converter is a competitive solution in the first stage of a PV
chain requiring a high-voltage gain to step up a dc voltage
from 36 V to 380 V. The reason of its competitive advantage
lies in the simplicity of the MPPT system to extract the max-
imum power of the PV source irrespective of the atmospheric
conditions. Unlike other converters used in PV voltage step-
up applications, an SMC-based MPPT can be implemented in
this converter with only two sensors to measure the current and
voltage of the panel respectively. This is a significant benefit
because the SMC-based MPPT does not need to measure an
inductor current and therefore a high-bandwidth sensor system
is not necessary.

The experimental results have demonstrated that the result-
ing tracking is faster than that of the reported works on
the subject exhibiting a smaller tracking error when com-
pared with that of either inductor current-based SMC or
voltage—based PWM approaches.

Future work will consider a comparison on equal basis with
a quadratic boost converter that takes into account the global
efficiency of the PV chain, i.e. not only the MPPT efficiency
but also the converter efficiency. Note that the quadratic boost
converter requires an additional inductor current sensor for the
SMC-based MPPT but it needs only 2 inductors, 2 capacitors
and 3 diodes to step-up the voltage from 36 V to 380 V
while the SL 4-cell boost converter necessitates 4 inductors,
1 capacitor and 10 diodes. The result of this comparison could
establish the best solution for a voltage step-up single stage
with a dc gain higher than 10 for PV applications.
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