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Abstract

This paper presents a novel terminal sliding mode control (TSMC) method for maximum power tracking of photovoltaic (PV) power
systems. First, an incremental conductance method is used for maximum power point (MPP) searching. It provides good efficiency under
rapidly changing atmospheric conditions, but the accuracy for finding the MPP is highly related to the MPP tracking control. Therefore,
a TSMC-based controller is developed to regulate the system to the searched reference MPP. Different from traditional sliding mode
control, the developed TSMC assures finite convergence time for the MPP tracking. Furthermore, a common singularity problem that
exists in traditional TSMC is removed in this paper. Even if considering uncertainty in the PV power system, the TSMC guarantees high
robustness. Finally, several simulations and experiments show the expected control performance.

© 2012 Elsevier Ltd. All rights reserved.

Keywords: Terminal sliding mode control (TSMC); PV power system; Maximum power point tracking

1. Introduction

With the increasing global warming and the diminish-
ing conventional fossil-fuel energy sources, renewable
energy sources (solar, wind, and fuel cells, etc.) are
attracting more attention as alternative energy sources
than before. In particular, solar photovoltaic (PV) energy
has been widely utilized in many applications (cf. Qi
et al., 2009; Nema et al., 2009; Salas et al., 2009) due to
its advantages—direct electric power form, easy mainte-
nance, no noise, etc. From the increasing demand of PV
power generation systems for both industrial and residen-
tial needs, optimizing the power generation and utilization
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of solar energy becomes an innegligible issue. To extract
more PV energy, maximum power point tracking (MPPT)
methods are developed, such as perturb and observe
method (Salameh and Taylor, 1990; Petreus et al.,
2011), incremental conductance method (Hussein et al.,
1995), fuzzy logic method (Altasa and Sharaf, 2008; Lalo-
uni et al., 2009; Kottas et al., 2006), and neural network
method (Taherbaneh and Faez, 2007). Unfortunately, the
maximum power produced by the PV array changes with
solar radiation and cell temperature, so that most MPPT
methods lack strict convergence analysis and only provide
near-maximum power. Although some works (Patcharap-
rakiti et al., 2005; Solodovnik et al., 2004) propose non-
linear MPPT control with guaranteed stability, these
approaches are difficultly realized due to assuming exactly
known power converter model and using the time deriva-
tive of the PV voltage and current.

To obtain easy implementation and assured stability,
maximum power voltage (MPV) based approaches (Hua
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Nomenclature

AV update parameter for MPP searching

A solar insolation (mW/cm?)

A ideal P-N junction characteristic factor

C input capacitance of the boost converter (F)

(&) output capacitance (F)

d duty ratio of the PWM control input signal

E,, semiconductor band-gap energy (1.1 ev)

ir current on the inductance L (A)

ior PV array reverse saturation current (A)

ipn PV array light-generated current (A)

Ipy PV array output DC current (A)

I PV array reverse saturation current at the refer-
ence temperature (A)

Loer short-circuit cell current at the reference temper-
ature and insolation (A)

K; PV array short-circuit current temperature coef-
ficient (A/K)

K, Boltzmann’s constant (1.3805 x 1072* J/K)

L inductor inductance of the boost converter (H)

N, number of parallel cell of the PV array

Ny number of series cell of the PV array

q electrical charge (1.6 x 107'° C)

R load resistance (Q2)

Rc internal resistance on the capacitance C; (Q)

T PV array cell temperature (K)

T, PV array reference temperature (K)

Vp forward voltage of the power diode (V)

Ve voltage over the capacitor C, (V)

Vya  reference maximum power PV voltage (V)

e PV array output DC voltage (V)

et al., 1998; Kim, 2007; Koutroulis et al., 2001; Veerachary
et al., 2003) are developed using a two-loop MPPT control
scheme. In detail, the first loop is to determine the MPV
reference of the PV array, and the second loop is to regu-
late the PV array voltage to the reference voltage. The pro-
cedure repeats the MPV reference searching and the PV
voltage tracking until the maximum power is reached.
The advantage is that some traditional MPPT algorithms,
for example, incremental conductance method, perturb and
observe method, etc., can be realized with guaranteed con-
vergence stability. However, the tracking performance is
highly dependent to the performance of the tracking con-
troller in the second loop. The existing disturbances and
uncertainties will also affect the control results. We can
see that most of MPV based approaches renders to power
chattering around the MPP (Hua et al., 1998; Kim, 2007;
Koutroulis et al., 2001). In other words, the MPV based
MPPT needs to be improved.

Sliding mode control (Slotine and Li, 1991) has power-
ful ability for the control of uncertain systems; therefore,
the controlled system with sliding mode exhibits robust-
ness properties with respect to both internal parameter
uncertainties and external disturbances. Although the
convergence rate of SMC may be arbitrarily fast via
appropriate parameters, it provides only asymptotically
stable and infinite time convergence. From the pioneering
work of Venkataraman and Gulati, 1993, terminal sliding
mode control (TSMC) achieves finite-time convergence
stability. With this ability, the closed loop system can
be accurately and efficiently controlled to the given com-
mand. Accordingly, many application examples of TSMC
have been considered to provide fast and finite time
control performance as well as high precision (Chang
et al., 2008; Feng et al., 2002; Huang et al., 2005; Min
and Xu, 2009). In light of this, if the TMSC can be

applied to the PV voltage tracking, the MPV based
MPPT will provide better control performance. However,
due to the use of fractional power functions as the sliding
hyperplane, there exist intrinsic singular problems (Chang
et al., 2008; Tao et al., 2004; Parra-Vega and Hirzinger,
2004; Barambones and Etxebarria, 2002; Man and Yu,
1997). Therefore, all of the above motivate us to improve
the TSMC method for the MPPT of PV power systems.

In this paper, a TSMC-based MPPT scheme for stand-
alone PV power generation systems is developed via the
MPV based design. In the first loop, the MPV reference
is obtained from the incremental conductance method.
By taking a DC/DC boost converter as the power control
circuit, novel TMSC is proposed to drive the system to
the MPV reference in the second loop. Moreover, the
aforementioned singularity problem is removed by propos-
ing a new terminal sliding surface. With the advantage of
finite-time convergence in TMSC, the MPP is accurately
followed such that the generated PV power is increased.
Meanwhile, the robustness against disturbance and system
parameter uncertainties of the DC/DC boost converter is
guaranteed. Compared with the traditional MPV based
MPPT of PV systems, the proposed method provides finite
time PV voltage tracking so that fewer power oscillation is
induced by MPP searching (i.e., more stable power gener-
ation is obtained).

The rest of the paper is organized as follows. The electric
characteristic of PV array system is presented in Section 2.
MPP searching via incremental conductance and power
tracking via TSMC are addressed in Sections 3.1 and 3.2,
respectively. Next, the robustness issue for the proposed
TMSC is presented in Section 3.3. Numerical simulations
and experiments for both fixed and varying atmosphere
are given in Sections 4 and 5. Finally, some conclusions
are made in Section 6.
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2. Electrical characteristics of photovoltaic power generation
system

Referring Salas et al. (2009) and Kim (2007), the electric
characteristic of the PV array can be described by the cur-
rent equation:

ipy = N pipy — N iy (77 r/NeAKeT 1)

where V), and i,, denote the output voltage and current of
the PV array, respectively; N, and N, are the number of the
parallel and series cells, respectively; 7 is the cell tempera-
ture; the electronic charge ¢ = 1.6 x 10~'° C; Boltzmann’s
constant K, = 1.3805 x 10723 J/K; the ideal P-N junction
characteristic factor 4 = 1-5; i, is the light-generated cur-
rent; i., denotes the reverse saturation current; and the
intrinsic shunt and series resistances are neglected. Besides,
i,s and i,;, are functional of solar insolation and cell temper-
ature in the following form:

Iy = i{;r(T/Tr)3qug0/<1/Tr—1/T)/AKa
i = ((iser + Ko(T = T,))2/100

where i, is the reverse saturation current at the reference
temperature 7T,; iy is the short-circuit cell current at refer-
ence temperature and reference insolation 100 mW/cm?;
E,,=1.1¢eV is the band-gap energy of the semiconductor
making up the cell; K; (A/K) is the short-circuit current
temperature coefficient; and A is the insolation in mW/
cm?. It is straightforward to obtain the PV power:

Py = ipVpo = Npipo Vi — Nl va(qu’""/NSAKUT —1) (1)

To show the electric feature, we depict the power-voltage
characteristic diagram of a PV array as shown in Fig. 1.
Obviously, the maximum power changes along various
insolation and cell temperature. Furthermore, there exists
a unique V), such that the output PV power is maximized.

To adjust the PV array output voltage V), for maximiz-
ing the solar power generation, a DC/DC boost converter
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Fig. 1. Power distribution of a 200 W PV array panel.

is connected as the configuration shown in Fig. 2. The
boost converter carries out the power conversion on the
PV array terminal, indirectly controlling the operation
point of the PV array and its power generation. In other
words, the PV array can be viewed with an active power
load whose value can be adjusted through the duty cycle
of the converter. On the other hand, by using the time aver-
age method (Krein et al., 1992; Sun and Gratstollen, 1992),
the dynamics of the boost converter with the PV array is
written as:

. -1 i
Vi = —ip +2
e ZL+C1
. 1 Rc(1—-d)., 1-d[ Rc
-V, — -1V
=T L(1+5%) Lt \RTRe = 2
_Vp(1—d)
L
i 1-d . 1 v
= i —
CT G+ GRYR)
where V), Vo, and i, are the PV array voltage (i.e., the

voltage of the capacitance C), the voltage of the capaci-
tance C,, and the current on the inductance L, respectively;
R is the internal resistance on the capacitance C,; Vp is
the forward voltage of the power diode; d is the duty ratio
of the PWM control input signal; R is the load resistance.
From above, since the PV array power is maximized by a
specific PV array voltage V,, under a fixed insolation and
temperature. The control objective is to design the PWM
control input d such that V,(#) is moved to the MPP. To
achieve the objective, a terminal sliding mode controller
is proposed in the following.

3. Terminal sliding mode MPPT controller

To achieve MPP under the changing atmosphere, the
overall control structure is illustrated in Fig. 3. Here, i,,
and V,, are measured from PV array and sent to the
MPP searching algorithm, which generates the reference
maximum power voltage V... Then, the reference voltage
Vpa 1s given to the MPV-based TSMC controller for the
maximum power tracking.

3.1. MPP searching algorithm

To achieve the maximum power operation, we use an
incremental conductance method (cf. Salas et al., 2009;
Hussein et al., 1995) to search the MPP voltage V..
According to the electric power Eq. (1), the power slope
dP,,/dV,, can be expressed as

P, . iy,

=y A Vi —2 3
dev Ip + P dev ( )
When the power slope dP,,/dV,,=0, ie., j{,‘”’p =— I’,”l, the

PV system operates at the maximum power generation.
Therefore, the update law for V,,,;is given by the following
rules:
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Fig. 3. MPPT structure using the two-loop algorithm.

Vi k) = Vpwalk = 1) + AV, for g > — = @
Vna(k) = Vialk = 1) = AV, for g < —

where V,.(k) is the reference MPV at kth step; AV is the
update parameter which can be adjusted based on the
experiment settings. The flowchart of the searching proce-
dure can be concluded as Fig. 4. After iterative adjusting
the value of V), the maximum power condition is
achieved by % ~ (. Thus, the problem is changed to con-
trol the PV array voltage V), to follow the reference MPV

Vea

Remark 1. For the V,,; updating law (4), the PV voltage
tracking result will affect the MPP searching in the next
step. Since the MPP searching is highly dependent to the
MPYV tracking controller, there exist the following prob-
lems: (1) Power wastage occurs once the controller
response is too slow; and (2) Miscalculation of the V.,
arises if the controller results in oscillation. Therefore, an
appropriate MPV tracking controller is required not only
to guarantee the convergence with the given reference, but
also to enhance the MPP searching performance. The best
is V,, always follow the reference MPP voltage V...

Remark 2. If the controller in the second loop is well
designed with assured fast tracking performance, larger
update parameter AV usually results in better transient
response. However, there might exist chattering at the
steady state if AV is too large. Thus, the update parameter
AV requires trade-off tuning.
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Fig. 4. Flow chart of the maximum power voltage searching algorithm.

3.2. Terminal sliding mode controller

Before the controller design, let x(¢) = V,u(1), x2(¢) =
ir(1), x3(t) = Vol 1), x14t) = Vypa?) and the system dynam-
ics (2) is rewritten as follows:

. 1 .
M= (_XZ + ’pv)

‘ (5)
X = fi(x) + &1(x)d(1)

X3 = fa(x) + g (x)d(?)
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where x = [x] X, x3]T;

fl(x):xfl_L(ffC%)x”%(RiCRC_1)”‘% (6)
gl(x):—ﬁxz—%(RiCRC—l>x3+% (7
) = c2(11+ Rey 2 ™ cz(RlJch) . ®)
g (x) = —ﬁxz- 9)

To achieve the maximum power tracking, the terminal slid-
ing mode controller is proposed to let PV voltage V), track
the reference MPV V,,.. Once V,,, always follows V., the
PV power system will move to the maximum power point
along the incremental conductance adjusting. First, let us
define the voltage tracking error and take its time deriva-
tive below:

€] = X1 — Xiq

. S (10)
e =—(—x2+1,) — X14-

1=a (=x2 +ip) — X1a
By taking x, as a virtual control input, we define an auxil-
iary tracking error e, =x; — xp4 Wwith x5y =iy, — C1¥14.
Then the new dynamics is obtained as follows:

o= (1)
& = fi(x) — 24 + g1 (x)d(t) (12)

where x,; = i'pv — CiX14. The control problem becomes
designing the control law d(f) to achieve the fast conver-
gence of e; and e,. To this end, a terminal sliding mode
function s(7) is defined as

s =¢),— e (13)

where o> 0, r = p/q, with 1 <r <2; p and ¢ are odd inte-
gers satisfying 0 < g <p <2gq. If s5(¢) is always kept at zero
such that

e =a'l"e)", (14)
the error Eq. (11) becomes

O(1/)‘ Ur

C—1€1/ (15)
by substituting (14) into (11). Obviously, from solving the
error dynamic Eq. (15), e; converges to zero in finite time:

lea (0)]'
aq/p<1 — %)

Due to the fact e, = o on the surface s(¢) = 0, the con-
vergence of the tracking error e, is accomplished in the
same finite time (16). As a result, if the system is driven
to the sliding surface s(7) = 0, the errors e; and e, will con-
verge to zero in finite time, i.e., V), always follows the MPP
voltage V.

e =—

tag = Ci (16)

l/rei/r

Next, based on the definition of the sliding mode func-
tion, the time derivative of the terminal sliding function
s(¢) along (11) and (12) simply arrives with

§=rey e — 0
= rey ' [fi(x) — %2(1) + &1 (V)d(0)] + = (17)

For driving s(7) to zero, the control input d(7) is designed as
follows:

1 [—aed™ . )
= m < — fi(x) + x24(f) — Ksign(s) (18)

where K> 0 and g;(x) # 0 for all x(¢). By substituting the
above control law into the dynamics (17), the closed-loop
system is obtained below:

§ = —K - réy 'sign(s) (19)

Afterward, the TSMC design achieves MPV tracking with
the following theorem where the detailed stability condi-
tion can be proved as given in Appendix A.

Theorem 1. Consider the PV array power generation system
(2) using the TMSC controller (18) with K> 0. The closed-
loop control system is ensured with finite-time convergence
for the MPP voltage tracking.

Remark 3. In traditional sliding mode control, the conver-
gence time for the system states is infinite, i.e., in the form
of asymptotical convergence. In comparison, TSMC is
used in this paper for more accurate tracking control,
and with the ability of finite time convergence. Moreover,
traditional TMSC sets (1) = e, — ae’” such that §(¢) will
lead to singularity on the error terms. On the contrary,
the proposed TSMC using the terminal sliding function
(13) does not have the singularity problem.

3.3. Robustness analysis

For more general PV maximum power tracking pur-
pose, the boost converter system is considered as an uncer-
tain form due to the existence of the uncertainties from the
passive components. To this end, a controller gain redesign
is developed to enhance the robustness of the controlled
system.

Assume the system with uncertainties in the form:

fi=f1+Af
g =& +Ag (20)
x2d = }Alc +Ahc

where f 1, &1, and h, are known and measurable; Af1, Agy,
and Ah,. are the uncertain parts arising from system uncer-
tainties and measurement errors (e.g. calculation error of
i‘pl,). Meanwhile, the uncertainties satisfy the following
boundary conditions
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o' <g/g <@ (21)
|Afi| < F (22)
|Ah.| < H (23)

where g1, g, # 0 and 0 <w < 1; Fand H are known upper
bounds of the uncertain dynamics of Af; and Ah,., respec-
tively. It is worthwhile to note that 4, is the nominal part
of X4, which is obtained from the difference approximation
of X»4. In other words, the term Ak, presents the derivative
approximation error. Furthermore, the measurement er-
rors and current ripples on i,, and i, can be included in
the uncertainties Afi, Ag;, and Ah.. This means that the
robustness satisfies generality. From the terminal sliding
function (13), its derivative with uncertainties is written as

§=rey [f1+ Afi — he — Ah. + (81 + Ag))d(t)]

ey
— 24
- (24)
and the control law is modified as follows
1 [—aes™ o :
=_ — . —K* 2
a0 = 5 [ i b~ Ksign() 5)

Submitting (25) into (24) results in the following equation:
§=re5 ' [Afi — Ah. — g8, K sign(s)] + re) ' (g,
2—r
aa-l [ T%€ g p
818, ( C Si+ hc‘) (26)

Then, the designed TSMC achieves MPP voltage tracking
with robustness according to the following theorem where
the corresponded proof is presented in Appendix B.

Theorem 2. Consider the uncertain PV power generation
system (2) using the terminal sliding mode control law (25). If
the control gain K" satisfies the following inequality

K> oA+ Ak 41+ o
oy s 5
U (E 1+ + ) @

then the controlled system achieves a robust MPPT. Further-
more, the finite time convergence of the M PP voltage track-
ing is guaranteed.

Remark 4. Since the gain condition is held in a locally
region, there exists a upper bound for the right hand sided
terms of (27). In the implementation, the control gains K" is
a constant chosen by trial and error according to the con-
trol response. Larger K™ yields higher robustness.

4. Numerical simulations

For the verification of the MPP control scheme, a PV
power generation system is established with a boost con-
verter and a 200 W PV module KC200GH-2P, in which
its specification is stated in Table 1. The parameters of
the boost converter are chosen as L =1.21 mH,

Table 1

Specifications of the PV array panel KC200GH-2P.

Parameter Value
Maximum output power P, 200 W + 10%
Maximum current i,,,. 7.61 A

Open circuit voltage V. 329V

Short circuit current i, 821 A

Short circuit current temperature coefficient K; 4.79 x 1073 A/°C
P-N junction characteristic factor 4 1.8

R;=0.15Q, Rc=39.6Q, C,=1000puF, C,=1000 pF,
R=25Q, and V,=0.82V, where all system parameters
are assumed with a 10% deviation. The switching frequency
of the converter is set to 50 kHz. To perform the TSMC
based MPPT control, the incremental conductance method
stated in Section 3.1 is used to determine the reference max-
imum power voltage Vs, where the incremental value for
each step is AV =0.0005. The frequency of the searching
algorithm is set as 10 kHz in this paper to achieve fast
MPP searching. On the other hand, the controller parame-
ters are set to K* =300, o =20, p =19, and ¢ = 17. In the
following, two scenarios including fixed insolation and
varying insolation are simulated to verify the proposed
scheme.

First, consider a fixed insolation at 100 mW/cm? and
25 °C cell temperature. By using the robust TSMC MPPT
controller (25), simulation results are obtained as shown
from Figs. 5-7. From the result in Fig. 5, the PV power
generation system reaches the desired voltage V.=
26.3 V and maximum power 200 W at 0.1 s. This means
that the proposed controller achieves maximum power
tracking in finite time and provides high robustness to
parameter uncertainties. Furthermore, the control input
does not have chattering behavior as in traditional SMC
due to the finite time convergence of tracking errors.

Next, consider a varying atmosphere at 25°C and

a sinusoidal varying insolation 60 + 40sin(0.67¢).
>
> 30
o
> (a)
S 20
3
)
> 10
>
e
< 9 ; ; ; ;
> 0 0.2 0.4 06 0.8 1
o
. 300
2_ |
5 200t
>
o qg’ /
Z 3 100
S
D_ O 1 1 1 1
0 0.2 0.4 06 0.8 1
Time (sec)

Fig. 5. MPPT control of the PV array (a) voltage V,, and (b) output
power Pp,.
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Meanwhile, a PI controller (Koutroulis et al., 2001) is also
applied to compare with designed TSMC. Here the PI con-
troller is set as

d@&mm+mlkmwr (28)

where the control gains K, = 10 and K; = 0.1 for well refer-
ence tracking. With the above settings, the PV MPPT con-
trol is performed and renders to the control results for P—V
curves given in Fig. 8. As a result, PI controller leads to a
larger chattering due to the varying atmosphere and non-
exact MPP voltage tracking. In contrast, the MPPT via
TMSC results in a smoother response. This implies that
the usable output power from the PV array panel is not
wasted.
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Fig. 8. P,, — V), curve response under varying insolation using (a) TSMC
and (b) PI control at 25 °C.

5. Experiment results

To further verify the validity of the proposed scheme in
real-world environment, several experiments of TSMC-
based MPPT control are performed in this section. Based
on the same system parameter settings as the numerical
simulation, the developed TSMC is realized by a DSP-
based control card (ASPACE DS1104). The PV voltage,
PV current, inductance current, and output voltage of the
boost converter are measured through A/D modules and
sent to the DS1104 DSP controller board. After the con-
troller is established by using build-up blocks in Matlab—
Simulink, real time workshop (RTW) automatically con-
verts C code from Simulink and is downloaded to
DS1104 controller board. Finally, the control effort is cal-
culated from feedback and then a PWM signal in 50 kHz is
directly generated to control the switching MOSFET of the
DC/DC boost converter.

Here the control experiments are carried out using three
different scenarios: (1) low insolation, (2) high insolation,
and (3) whole day observation. Throughout the experi-
ments, the PI controller (Koutroulis et al., 2001) is also uti-
lized to compare the results with TMSC. The comparisons
are made under the same conditions where the MPP
searching uses the incremental voltage for each computing
step is A V'=0.3. Moreover, the control gains are set as
K,=8, K;=10 for the PI controller and K"=2,
a=0.03, p=17, g =15 for TMSC.

5.1. Experiment 1 — Low insolation test

The PV maximum power tracking for low insolation
experiment is done under the fixed atmosphere at 22 °C
and 35 mW/cm? insolation. Furthermore, the controllers
activate at 2 s in order to observe the transient response.
The PV array output voltage V), response is shown in
Fig. 9, while the power generated from the PV array mod-
ule is illustrated in Fig. 10. It is clear that the TMSC
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Fig. 9. PV array voltage of (a) PI controller and (b) TSMC at 22 °C and
35 mW/cm?,
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Fig. 10. PV array power of (a) PI controller and (b) TSMC at 22 °C and
35 mW/cm?,

quickly drives the system to the maximum value 77 W,
where the PI controller converges at a much lower power
72 W. From the results, the proposed TMSC has smaller
chattering phenomenon and higher power output com-
pared with the PI controller.

5.2. Experiment 2 — High insolation test

Next, the PV maximum power tracking for high insola-
tion is performed under 75 mW/cm? at 45°C. With the
same start-up time at =2 s, the performances including
V,, and P, are given in Figs. 11 and 12, respectively. From
the results, the PI controller only drives the PV power
system to 120 W, and it accompanies with sufficiently large
ripples under high insolation. In contrast, the TMSC
generates up to 148 W with much stable output power
curve even under high insolation.

30
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Fig. 11. PV array voltage of (a) PI controller and (b) TSMC at 42 °C and
75 mW/cm?.
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Fig. 12. PV array power of (a) PI controller and (b) TSMC at 42 °C and
75 mW/cm>.

5.3. Experiment 3 — Whole day test

In this experiment, we measure the control results from
07:00-16:00 to observe the daily generated power where the
atmosphere conditions are 20-45 °C and 20-80 mW/cm?,
respectively. Additional open-loop system is compared
with the controlled system using the PI controller and
robust TSMC. The result is given in Fig. 13 which indicates
that TSMC generates more power than the PI controller up
to 10% higher. This is reasonable that the chattering
response decreases the extracted power in the PI control.
Moreover, since the MPP searching is based on the incre-
mental conductance method, the searching result is highly
dependent to efficiency of the controller. The faster the
controller regulates V,, to V., the better MPP searching
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Fig. 13. The comparison result for extracted power using different controllers on the date 2010.11.01 from 07:00 to 16:00.

result is achieved. Therefore, the TSMC provides the
ability of fast convergence time and high robustness to
the system uncertainties.

Remark 5. Although the well-tuned PI controller will yield
zero steady state error and fast tracking response for a slow
time-varying tracking reference, the tracking performance
is degraded for a rapidly changing tracking reference.
Unfortunately, the MPP searching is usually set with fast
updating frequency to cope with rapidly changing
atmosphere. In contrast, the TSMC has high ability to
match the fast MPP searching.

6. Conclusions

In this paper, the robust terminal sliding mode control has
been introduced for the maximum power tracking of PV
power generation systems. Even considering uncertainties,
the controlled system assures finite time convergence of
MPP voltage tracking. Moreover, the singular problem of
the control law is avoided in comparison with traditional
TSMC. By combining the finite-time tracking controller
and the incremental conductance method, the MPPT for
PV systems is successfully achieved even considering rapidly
changing atmosphere. Through numerical simulations and
real-time experiments, the better MPPT performance has
been obtained compared with a traditional method. For a
controller with lower response and unprecise control like
PI controller, it reduces the generated power and provides
only near-maximum power generation. Compared with the
conventional PI control approach and open-loop system,
the power extracted using TSMC is 10% and 209% higher,
respectively. Therefore, the TSMC-based MPPT control
method assures better tracking performance and high
robustness.
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Appendix A. Proof of Theorem 1

Considering the Lyapunov function V, = 1s%, the time
derivative of V; along the error dynamics (19) satisfies

V, = ss = —Krse; 'sign(s) = —Kre; ' |s| (29)

where ;! = eZTq >0 for all e; # 0. Under the situation
e; #0, V, < —ds| is satisfied for some § > 0. If consider-
ing e, =0 and s # 0, the dynamics of ¢, submitted with
the control law (18) is obtained below

& = —ie?’ — Ksign(s) = —Ksign(s) (30)

l”Cl

where e; = 0 is used. In other words, &, = —K for s > 0 and
e, = K for s <0. Furthermore, s does not change signs be-
fore the surface reaches zero (s =0). The error e, moves
away from zero in finite time once s # 0. Therefore, s sat-
isfies ¥/, < —d|s| and tends to zero in finite time. This im-
plies that e; and e, also converges to zero in finite time.
As a result, the MPP voltage tracking is achieved with fi-
nite-time stabilizing. [

Appendix B. Proof of Theorem 2

To prove the stability of (26), consider the Lyapunov
function ¥, =1s* and taking the time derivative of ¥
along (26). The following is obtained,

Vs =sres ' (Af — Ah. — g, 'K sign(s))
1 Y
+srey (g — 81)8, C —f1+h
< —nrlslley” |+ rlslles™ (AL + |Ake| +n)

1
— K'raslles |

o

o= sl (2

&1+ 171l + )

If the control gain (27) is satisfied, then V, < —nr|s||e;™!|.
Therefore, as for the finite time convergence of the tracking
errors, it is similar to the proof of Theorem 1. The terminal
sliding mode control of the MPP voltage tracking is
achieved with robustness. [J
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