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Cascade sliding mode maximum power point tracking controller for photovoltaic systems

Introduction. Constant increases in power consumption by both industrial and individual users may cause depletion of fossil fuels and
environmental pollution, and hence there is a growing interest in clean and renewable energy resources. Photovoltaic power generation
systems are playing an important role as a clean power electricity source in meeting future electricity demands. Problem. All photovoltaic
systems have two problems, the first one being the very low electric-power generation efficiency, especially under low-irradiation states; the
second resides in the interdependence of the amount of the electric power generated by solar arrays and the ever changing weather
conditions. Load mismatch can occur under these weather varying conditions such that maximum power is not extracted and delivered to the
load. This issue constitutes the so-called maximum power point tracking problem. Aim. Many methods have been developed to determine the
maximum power point under all conditions. There are various methods, in most of them based on the well-known principle of perturb and
observe. In this method, the operating point oscillates at a certain amplitude, no matter whether the maximum power point is reached or not.
That is, this oscillation remains even in the steady state afier reaching the maximum power point, which leads to power loss. This is an
essential drawback of the previous method. In this paper, a cascade sliding mode maximum power point tracking control for a photovoltaic
system is proposed to overcome above mentioned problems. Methodology. The photovoltaic system is mainly composed of a solar array,
DC/DC boost converter, cascade sliding mode controller, and an output load. Two sliding mode control design strategies are joined to
construct the proposed controller. The primary sliding mode algorithm is designed for maximum power point searching, i.e., to track the
output reference voltage of the solar array. This voltage is used to manipulate the setpoint of the secondary sliding mode controller, which is
used via the DC-DC boost converter to achieve maximum power output. Results. This novel approach provides a good transient response, a
low tracking error and a very fast reaction against the solar radiation and photovoltaic cell temperature variations. The simulation results
demonstrate the effectiveness of the proposed approach in the presence of environmental disturbances. References 23, table 1, figures 11.
Key words: renewable energy, photovoltaic system, maximum power point tracking, DC-DC boost converter, sliding mode control.

Bemyn. Tocmiiine 30inbiuents eHepeoCnONCUBAHHS SK NPOMUCTOBUMY, MAK I THOUBIOYATbHUMU KOPUCIYS8AUAMU MOJHCE NPUZBECHIU 00
BUCHAJICEHHS. 3aNACI6 BUKONHO20 NANUBA MA 3A0PYOHEHHs HABKOIUWHLO20 Cepeoosuwd, MoMy 3pOCmac iHmepec 00 HYUCMUX Md
sionoemosanux oxcepen ewepeii. Pomoenekmpuuni cucmemu 6UpOOHUYMBA erekmpoenepeii idizparoms 6adXdCIUGy poilb K eKON02iHO
uucme Odicepeno enekmpoeHepeii Oisi 3a00801eHHsT Matlbymuix nompeb ¢ enekmpoenepeii. Ilpoénema. Yci pomoenexmpuuni cucmemu
Maiomb 08i npobnemu, no-nepuie, oysce HU3bKA eheKmusHicms BupobIeHHS eleKmpoeHepeii, 0CoOMUB0 8 YMOBAX HUZLKO20 ONPOMIHEHHS,
opyaa nonseac y 83AEMO3ANeHCHOCI KibKOCHI eleKmpoeHepeii, wo UpoOiacmvca cOHAYHUMU bamapesmu, ma NOCMIlHO MIHIUBUX
NO20OHUX YMOB. Y yux no20OHUX YMOBAX, WO 3MIHIOIOMbCA, MOJice 8I00YMUCS HeBIONOBIOHICMb HABAHMAICEHHS, MAK WO MAKCUMATbHA
nomyaicHicmo ne OyOe eumsicnyma i nepedana 6 nasawmadcenns. Lla npobrema ¢ max 36anoi0 npobremor0 GiOCMedNCceHHs: MOUKU
makcumanvHoi nomyachocmi. Mema. byno po3pobneno Oesniy memooié 6USHAYEHHsT MOUKU MAKCUMATLHOT NOMYAHCHOCME 3a 0)Ob-SIKUX
yMo8. IcHytomb pisHi Memoou, 30e0iIbuio20 3aCHO8AHI HA 8I0OMOMY NPUHYUNE 30ypeHHs ma cnocmepedicelb. Y ybomy memooi poboua
MOYKA KOTUBAEMbCS 3 NEGHOI0 AMNIINYO0I0, HE3AaNeNCHO 6i0 MO20, OOCASHYMO MOUKY MAKCUMAnbHoi nomyscnocmi yu ui. Tobmo ye
KOMUBAHHS 3ATUMAEMBCA HAGIMb ) CIILIKOMY CIAHI NICNA 00CASHEHHS MOYKU MAKCUMATLHOI HOMYIICHOCTI, WO NPU3800UMb 00 Mpamu
nomyosicHocmi. Lle 3naunuii HeOomK nonepeonvbo2o cnocoby. Y yill cmammi 01 NOOONAHHA SUILE3AZHAYEHUX NPOOIeM NPONOHYEMbCA
KACKaoHe Kepy8auHs GiOCMEICeHHAM MOYKU MAKCUMANLHOI NOMYICHOCMI 6 pedcumi Koe3amhs Onsl (omoeneKmpuuHoi cucmemu.
Memoodonozin. Pomoenekmpuyna cucmema 6 OCHOGHOMY CKIAOAEMbCS 3 COMAYHOI bamapei, nepemeopiosava nOCMIlHO20 CmMpymy, Wo
niosUULYE, KACKAOHO20 KOHMPOAEPA KOB3HO20 PEeACUMY MA BUXIOH020 Hasanmadicents. Jl6i cmpamezii npOEKmy8anHs Kepy8aHHs KOGIHUM
pedrcumom 00'€Onani ons no6yoosu NPONOHOBAHO20 KOHMPONEPA. AN2OpUmMM NepeUHHO20 KOB3HO2O PEHCUMY NPUSHAYEHUL Ol NOULYKY
MOUKU  MAKCUMATILHOT  NOMYJICHOCHE, MoOmo  Olsl  8lOCmediceHHsi 6UXiOHOi onopHoi Hanpyeu cowsunoi 6amapei. [l nanpyea
BUKOPUCIOBYEMbCS  ONAL YNPABNIHHA YCMABKOIO GMOPUHHO20 KOHMPONEPAd KOB3HO20 PeXCUMY, AKULL BUKOPUCIMOBYEMbCS  depe3
nepemeopro6ay NOCMItIHO20 CIMPYMY, WO NIOBUWYE, ONid O0CACHEHHS MAKCUMANbHOI 8Uxionoi nomyscnocmi. Pesynomamu. Lleii noguil
nioxio 3abe3neyye Xopouty nepexiony Xapakmepucmuky, HU3bKY HOMUIKY 6IOCMedCeHHs ma Oyxce WEUOKY peakyilo Ha COHAYHe
BUNPOMIHIOBAHHA Ma  KOMUBAHHA Memnepamypu @omozanbeaniunozo enemenma. Pesyiomamu moOeno8anus OemoHcmpyloms
epexmusHicmb NPONOHOB8AHO20 NIOX00Y 3a HAABHOCMI 30ypeHb 0oekinia. bioim. 23, Tabm. 1, puc. 11.

Knrouoei cnosa: BiHOBJIIOBaHA eHepris, (poTorajbBaHiyHa CHCTEMA, BilcTe:xKeHH TOUKM MaKCHMAaJIbHOI norys;kHocti, DC-DC
NiIBHIIYBATLHUI NepeTBOPIOBAY, KePYBAHHS KOB3HUM PeKHMOM.

Introduction. Due to the increasing energy demands
and environmental protection requirements, renewable
and sustainable energy resources are becoming an
important part of power generation. Photovoltaic (PV)
systems are one of the most promising renewable sources
since they exhibit many merits such as availability,
cleanness, little maintenance and no noise pollution. Thus,
the power generation from PV systems will keep
increasing in the future electrical power grid and
microgrid systems as well [1-5]. However, PV systems
present notable disadvantages, such as a very low electric-
power generation efficiency, especially under low-
irradiation states; an interdependence of the amount of the
electric power generated by solar arrays and changing
weather conditions [2-7].

To harvest a maximum amount of energy available
under all environmental operating conditions, maximum
power point tracker (MPPT) is an important component in a
PV system that enables to extract maximum power at
maximum power point (MPP). PV systems have nonlinear
configurations, which require a robust control scheme for a
practical operating environment. Therefore, an efficient
MPPT algorithm which considers the nonlinear nature of the
plant is necessary and is addressed in this paper.

Many papers have addressed this issue using
nonlinear approaches such as backstepping technique [8],
perturbation and observation (P&O) method [9],
incremental conductance approach (InC) [10, 11] and
sliding mode control (SMC) schemes [12, 13]. In most of
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these approaches, the MPP to track the reference voltage
is obtained based on P&O method, InC approach and
constant voltage technique (CV) [7, 14, 15]. However, in
quickly changing meteorological circumstances, both of
these strategies fail [7, 14, 15]. In this paper to improve
the operation of the PV system, both power-voltage and
characteristic curve of a PV array are analysed and a new
MPPT algorithm based on SMC is proposed.

Sliding mode technique provides a robust control
law driving system states to a predesigned attractor and
on to the operating equilibrium point. The main advantage
of this approach is that once system states reach the
attractor, the system dynamics remain insensitive to a
class of parameter variation and disturbances, which are
typical in solar systems. Consequently, some solutions
based on this approach have been proposed to provide
good performance in attenuating the oscillations of the
output voltage and to ensure the tracking of the reference
provided by the MPPT algorithm [16, 17]. However,
these solutions do not guarantee the existence of the
sliding mode throughout the entire operating range.

The objective of this work is to develop an
improved sliding mode based maximum power point
tracking (SMC-MPPT) controller that takes into account
all the elements required to ensure the PV system’s
desired operation, namely, a robust controller that can
follow the reference provided by an MPPT algorithm in
the presence of environmental disturbances.

The proposed approach ensures a stable sliding
regime over the system’s desired operating range, while
also providing the convergence time and PV voltage
overshoot required by an MPPT algorithm. The
simulation results demonstrate the efficiency of the
improved sliding mode MPPT controller in the presence
of environmental disturbances.

Design of cascade sliding mode controller. This
work presents an improved procedure of designing a
sliding mode MPPT controller for PV systems, which
forces the PV voltage to follow a reference provided by
an external MPPT algorithm and attenuates the
disturbances caused by the climatic changes. A DC-DC
boost converter constituting the heart of the MPPT is
inserted between the PV module and its load to achieve
optimum power transfer, such a scheme with a resistive
load is illustrated in Fig. 1. The converter is used to
regulate the PV output voltage (v,,) in order to extract as
much power as possible from the PV module.
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Fig. 1. Block diagram of PV system using cascade SMC-MPPT
control

Where the output PV voltage v,, and the output PV
current i,, are measured from PV array and sent to the

sliding mode maximum power point searching algorithm
(SMC-MPP), which generates the reference maximum
power voltage v,.. Then, the reference voltage is given to
the SMC-MPPT controller the maximum power tracking.

Design of SMC-MPP controller. The maximum
power at any operation point can be performed in an easy
way if the SMC is used to generate the reference output
voltage by imposing the following sliding equation.
—dp"”—i +v iy _ 1)
dv,, proom dv,, ’
where o is the sliding mode surface; P, is the output PV
power.

If (1) is satisfied, the PV array operates at its
maximum power point (MPP) and reference voltage v, is
generated.

Now consider the characteristic curve of the PV
system as shown in Fig. 2, the SMC-MPP method can be
designed according to the following steps.

Step 1. As shown in Fig. 2 the sliding mode surface
has a positive value in region A, this conduct to a negative
value of its derivative, i.e. <0 to ensure the local
reachability condition oo <0 of the existence SMC
operation [18]. From this analysis, SMC-MPP controller
increase v,, from v; to v, to track the MPP. Thus v,

o

must be a positive value.

P
o
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MPP.

v, v v,
2
| n 2 v

Fig. 2. Power-voltage characteristic curve of a PV system

Step 2. In this case, the sliding mode surface has a
negative value as shown in Fig. 3 (region B), this conduct
to a positive value of its derivative, i.e. >0 to ensure
the local reachability condition of the existence SMC
operation [18]. Due to this analysis, SMC-MPP controller
decrease v, from v; to v, to track the MPP. Thus \'}pv
must be a negative value.

Now, define the output of the SMC-MPP controller
as v, then combining steps (1) and (2), leads to (2):

"}ref = _O- . (2)

Thus, the control law of the proposed SMC-MPP
controller can be designed as

Vi = j Gdt . 3)

Based on the exponential reaching law [18], the
equation in (3) can also be written as:

Vs :j(k0'+77 sgn(a))dt, 4)
where 77 and k are the positive constants.
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With sliding mode control law (4), MPP reference
voltage can be generated under various weather conditions.

Design of SMC-MPPT controller. The proposed
controller has advantages over existing solutions which
rely on the linearization of the dynamics of the internal
current loop, since the chosen sliding surface S is a linear
combination of the input capacitor current and the error of
PV voltage

S:ﬂi(vPV_vre/’)Jrj‘ZiC,’ ®)

where A, and A, are the constants.

The main advantage of this approach is voltage
regulation v,, without additional regulators based on
linearized models. A good alternative to define the
behavior of PV voltage is to include both the error with
respect to the reference voltage given by a SMC-MPP
algorithm and the voltage derivative in the expression of
the sliding surface. The voltage derivative can be obtained
by measuring the current of the input capacitor i,.

This work is based on the choice of a sliding surface
S given in (5), which makes it possible to explore the
stability of the PV wvoltage in presence of climatic
changes. The dynamic behavior of the DC-DC converter
is modeled by (6), (7):

dvpy ..
e, = 1'%=1PV_IL; (6)
di
v, = d_;:vPV_ch(l_”)’ (7)

where C;, L and v, are respectively the output
capacitance, inductance and the output voltage of the
boost converter; i; is the inductor current; v; is the
inductor voltage and u is the control signal.
The PV current i,, can be modeled by the simplified
single diode model given by (8) [19]:
iy =ige = (€ =1). (8)
where igc is the short-circuit current; 7y is the saturation
current of the diode; « is the thermal voltage which
depends on the temperature of the panel [20], knowing
that the short-circuit current is approximately proportional
to the irradiance E [21]:
i =K E. ©)]
The design of sliding mode regulators supports the
desired performance in a systematic way. It also requires
fulfilling three conditions: transversality, equivalent
control and reachability [18, 19, 22, 23].
Transversality condition. The derivative of the
function S with respect to time is given by (10):

das _dv dv,
"V[A Az - j—a i
PV

dl‘ t
(10)
) dl‘sc_l Vey =V (1-u)
Par 7 L :
By differentiating (10) versus u, we have:
ds
da AV
e | (11)
du L

since v, and L are both positive, the transversality
condition is then satisfied if the parameter A, # 0.

Equivalent control condition. The equivalent
control u,, is a continuous function which is used to
maintain the variable to be controlled on the sliding
surface. It is obtained thanks to the invariance conditions
of the sliding surface. For the DC-DC converter, the
correct range is given by 0<u,, <1

ds

A= =0 - 0<u, <l. (12)
dt

By replacing u by u,, in (12), while respecting the
inequality given in (11), we obtain:

dv,
0<u, :i{[iﬁqdﬂ_ﬁﬁ}
Voo | LA, dt A, dt (13)
+Ldll_vﬂ+l<l
Ve, dt v,
where:

A=-I,ae”™ . (14)

Considering that the system is maintained on the

sliding surface S =0, equation (15) obtained from (5) and

(6) describes the dynamics of the sliding mode, which can
be analyzed in the Laplace domain as indicated by (14):

. dvp, A .
le, = G dt = _Z(VPV _Vre/‘) > (15)
Ver (S) 1
16
re/ (S) ﬂ'ZCl S+1 ( )
A

Equation (16) shows the existence of an equivalent
pole —4,/1,C,. Therefore, A, and A, must be of the same
sign to ensure the stability of the system.

Reachability conditions. These conditions allow the
sliding surface to have a dynamic of convergence towards
zero. As discussed in the previous section, the proposed
approach design requires a negative value for the parameter
Ay; thus, the existence condition in (11) is positive,
imposing the reachability conditions (17), (18):

Lim as d S >0; (17)
s> dt |, dt u=1, §=0
Lim d—S = d—S <0. (18)
S/ dt u=0, §=0

The value of u is imposed for each condition: u = 1
for <0 and u =0 for S >0 [18, 23]. Substituting (10)
in (17) and (18), leads to (19) and (20) which confirm that

the condition SS < 0 is satisfied:

im dS vPV (/1] A A)
S0 dt d (19)
lsc ( j>0 :
dS dv
Lim ”V(/L A, A)- ,11—’+
507 dt dt (20)

di _
+ A lsc AZ(VPVLVIJJ<O.

Simulation results. In order to test and compare the
performance of the proposed SMC-MPPT algorithm to the
conventional P&O algorithm, the PV solar system is
modeled and implemented in MATLAB/Simulink software.
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The Simulink PV system model shown in Fig. 3 was
selected to assess the performance and the effectiveness of
the proposed controller SMC-MPPT. Specification
parameters PV power generation are given in Table 1.

Table 1
PV system specifications
Parameter Value
Maximum output power P, W 85
Maximum voltage Vpyny, V 18
Maximum current Ipy;, A 4.72
Open circuit voltage Vo, V 22.1
Short circuit current g, A 5
Temperature coefficient of Ve, %-°C™' -0.8
Temperature coefficient of Igc, %-°C™' 0.00065
L
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E>_l cz R Load
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Fig. 3. Simulink PV system model

SMC-MPPT

A comparative study with strictly identical simulation
parameters is carried out. The PV system consists of a
typical PV generator BP585, a DC-DC boost converter and a
load. The input voltage of the DC-DC converter is set to
18 V, the inductance value is equal to 22.5 mH, the input
capacitor is set to 132 pF, the output capacitor is equal to
66 pF and the output resistive load is set to 12 Q. In DC-DC
converter applications, hysteresis comparators are commonly
used to implement the proposed controller. To limit the
switching frequency, a hysteresis band () must be
introduced to the sliding surface [22, 23]. As a result, the
sliding surface’s limits will be:

tes<l

ey
2 2

Equation (22) which is derived from inequalities
(17), (18) shows this constraint:

SS—%—)le/\SZ%—)uzO. (22)

Several simulations were carried out taking into
account variations in climatic conditions, namely
irradiance and temperature. Obtained results are presented
for a period of 1 s. Each figure presents a comparison of
the characteristics of the PV system governed by the
cascade SMC and P&O approaches. Zooming was carried
out at two different locations, the first at the beginning of
the profile to illustrate the response time and the second to
show the oscillations around the MPP.

Case 1: variable temperature. A variable temperature
is used with a constant irradiance equal to 1000 W/m’.

It can be noted from Fig. 5-7, that the response
times are approximately 2 ms and 17.5 ms. During the
transient regime, we notice that the trajectory of the PPM
obtained by applying the cascade SMC control is better

than that obtained with the P&O. In steady state, the P&O
oscillates around the PPM between 81.75 W and 84.45 W
as shown in Fig. 4.
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Fig. 4. PV power evolution for case 1
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Fig. 5. PV voltage evolution for case 1
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Fig. 7. Load voltage evolution for case 1
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Case 2: variable irradiance. To validate the
effectiveness of the proposed approach, another robustness
test was carried out where a trapezoidal irradiance profile
was chosen (the temperature is set to 25 °C). The simulation
results as given in Fig. 8—11 show that the P&O method
exhibits poor performance in its dynamic response. With a
constant increase in irradiance in the form of a positive slope,
the P&O method fails to follow the true path of the MPP
thus causing losses of power and energy. Under decreasing
variation in irradiation, the same monitoring problem is
observed. In addition, in static mode the power of the PV
constantly oscillates around MPP.

9

Pp,W ——sMC
—P&0O
30 ik 1 " L= " (1 P n t’ S
00 02 04 06 08 10
Fig. 8. PV power evolution for case 2
1o Y.

—8SMC

14 1 n 1 " 1 n
o 02 04 06 08 10
Fig. 9. PV voltage evolution for case 2
L, A — SMC
51 R (e P— e PO

1 il - L (e o A
00 02 04 06 08 10
Fig. 10. PV current evolution for case 2

Unlike the P&O algorithm, the proposed approach
reveals remarkable performance in all irradiance conditions.
The SMC controller perfectly follows the MPP trajectory as
shown in the zoomed parts where the tracking of the MPP is

perfect and the minimization of power oscillation in static
regime is effective.

Veoads V
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15 . 1 . 1 . I . 1 .
0,0 02 04 0.6 038 1.0

Fig. 11. Load voltage evolution for case 2

Conclusion. The study reported in this paper focused
on the control of a solar system that uses a DC-DC boost
converter to supply electrical clean power. An advanced
procedure for the designation of a sliding mode based
maximum power point tracking control for photovoltaic
systems has been proposed. This control ensures maximum
power point operation and robustness to irradiance and
temperature fluctuations, as well as reducing oscillations at
the converter’s output voltage. The simulation results made it
possible to demonstrate the performance and robustness of
the proposed control law.
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