IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

235
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Abstract—In many grid-connected applications, a dc/dc switch-
ing converter is usually connected between the PV modules and
the inverter. This paper presents an improved procedure to design
a sliding controller for the PV system, which drives the PV voltage
to follow a reference provided by an external MPPT algorithm and
mitigates the perturbations caused by the irradiance changes and
oscillations in the bulk voltage. By considering that the switching
surface is the linear combination of the input capacitor current
and the PV voltage error, the proposed design exhibits advantages
in comparison with existing solutions that rely in the linearization
of inner current loop dynamics. The proposed integral procedure,
by taking also into account the effects in the closed-loop system
dynamics of a reference filter, ensures a stable sliding regime in all
the desired operation range of the system, while the settling time
and overshoot of the PV voltage required by an MPPT algorithm
are provided. Differently from a previous similar but less rigorous
approach, the switching function and reference filter parameters
are obtained by numerically solving a set of nonlinear equations.
Simulations and experiments were used to demonstrate the effi-
ciency of the proposed solution in presence of environmental and
load perturbations.

Index Terms—DC-DC power converter, maximum power point
tracker, Nonlinear control systems, photovoltaic system, sliding
mode control.

1. INTRODUCTION

HOTOVOLTAIC (PV) systems are a suitable option to

produce clean electrical energy since they can be dimen-
sioned for a wide range of power ratings in both stand-alone
and grid-connected applications [1], [2]. A typical PV system
is composed by a PV array, a dc/dc converter to transform the
power provided by the PV source, and an inverter, as depicted
in Fig. 1. The PV array is characterized by a nonlinear be-
havior that changes significantly with the operating conditions,
e.g., irradiance level, shades, temperature, among others, which
makes difficult to predict the voltage and current to guarantee the
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Fig. 1. PV system scheme based on classical PID controller.

maximum power production [3]. The operation point in which
the PV array provides its maximum power is named maximum
power point (MPP) [4], [S]. Then, the main objective of the
control strategy in a PV system is to ensure the system opera-
tion around its MPP (maximum power point tracking—MPPT)
in whichever load and environmental conditions [3]-[6]. In the
literature, the most commonly used MPPT solutions are the in-
cremental conductance and the perturb and observe (P&O) [7],
where the P&O is widely adopted due to its simple implemen-
tation and tracking efficiency [4], [8].

The connection between the dc/dc converter and the inverter
causes voltage oscillations since the power delivered by the PV
panel is dc and the power injected by the inverter is ac [9], [10]. If
such oscillations are not well mitigated, the PV power delivered
to the grid may be affected, also making difficult the tracking of
the MPP by the MPPT algorithm [4]. To face this problem, an
electrolytic capacitor is connected between the dc/dc converter
and the inverter, as illustrated in Fig. 1, but such a solution
decreases the reliability of the system [11].

Many solutions have been proposed to mitigate such oscil-
lations [4], [9]. Usually, the first alternative is to design a lin-
ear controller (PI, PID, or lead-lag) to guarantee a satisfactory
tracking of the voltage reference generated dc/dc by the MPPT
algorithm (see Fig. 1), and at the same time to mitigate the pertur-
bations generated by the load and by the irradiance variations
[12]. The main problem associated to this kind of controllers
concerns the requirement of linearizing the model of the PV
system around a given operating point, which does not ensure
the same performances in all the PV operation range.

Other types of controllers have been proposed in the literature
to improve the behavior of the PV system accounting for changes
on the operating point. Some of those controllers are based on
adaptive laws [3], energy balance [13], and sliding-mode the-
ory. In particular, the sliding-mode approach offers stability and
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robustness against parameters, input and load uncertainties,
which are common in PV systems. Moreover, sliding-mode
controllers (SMC) are simpler to implement in comparison with
other types of nonlinear controllers [14]. Therefore, some so-
lutions based on SMC have been proposed to provide a good
performance in the mitigation of the load voltage oscillations
and to ensure the tracking of the reference provided by the MPPT
algorithm [14]-[18]. However, in general, these solutions do not
guarantee the existence of the sliding mode in all the operation
range. Moreover, the reported design of the SMC parameters is
not necessarily related with the requirements of the MPPT algo-
rithm, hence it is difficult to ensure the desired behavior of the
complete PV system, e.g., an accurate settling time of the PV
voltage is required to ensure the stability of a P&O algorithm at
any operation condition [4], [19].

This paper proposes an integral procedure to design an SMC
accounting for all the elements required to ensure the desired
operation of the PV system, i.e., a stable SMC to track the ref-
erence provided by an MPPT algorithm in presence of load and
environmental perturbations. Such a design procedure is aimed
at providing the settling time and overshoot that ensures a stable
operation of the MPPT algorithm at any operation condition.
The procedure overcomes the defects of the previous approach
reported in [20], in which the design of an inner current capac-
itor loop is followed by the designs of a cascaded voltage PI
controller and a first-order low-pass filter that limits the voltage
reference derivative.

This paper is organized as follows: Section II presents the re-
view of some solutions based on SMC, where the disadvantages
inherent to each solution are put in evidence. Based on such
reviews, a new design procedure for SMC in PV systems is in-
troduced. Section III presents the analysis of the SMC to ensure
the PV voltage stability in the operation range. Then, Section IV
provides the design and implementation procedure for the SMC,
based on the requirements of a P&O algorithm, to track the MPP
in presence of perturbations. Section V illustrates the SMC de-
sign accounting for realistic conditions, presenting also sim-
ulations results. Experimental validations together with many
details on the controller implementation aimed at helping to re-
produce the results are reported in Section VI, while Section VII
closes this paper with the conclusions.

II. BACKGROUND OF THE PROPOSED DESIGN PROCEDURE

The control structure presented in Fig. 1 is commonly used
to regulate the PV voltage to follow the reference given by the
MPPT algorithm, and at the same time, to mitigate both the
perturbations propagated from the load and those generated by
changes on the environmental conditions [12]. The PID con-
troller is designed using a linear model of the PV system around
a specific operating point, e.g., the MPP at the lowest irradiance
level [4]. Thus, to guarantee the same performance in all the
operation in the range, it is necessary to design more robust
controllers that do not depend on linearized models only.

The solution proposed in this paper is based on two previous
works published in [15] and [20], which apply the sliding-mode
technique to regulate the PV voltage and to mitigate the low-
frequency voltage oscillations caused at the bulk capacitor Cj,
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Fig.2. PV system scheme based on the inductor current control.
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Fig.3. System scheme based on input capacitor current control.

by the inverter operation [12], [21]. The first implementation,
given in [15] and presented in Fig. 2, is based on the regulation
of the average input current of the boost converter by means
of the inductor current control. The voltage and current of the
PV array are provided to a P&O algorithm, which defines the
reference to the voltage controller GG;.. Such a linear controller
imposes the reference i,.t to the SMC based on the switching
function ¥;, and surface ®;, given in

A B, ={¥;, =0}. (1)

The design of the G;, controller is based on the linearized
model given in (2), which considers the inductor current con-
trolled by the SMC as a current source. Such a condition gen-
erates the main problem of this first approach: The transfer
function G, /;, ., is based on the parameter Rypp that models
the impedance of the PV panel. Therefore, (2) must be evaluated
in some operating point in order to obtain a transfer function
suitable for design the controller GG;.. However, when the PV ar-
ray experiments changes in the irradiance or in the temperature,
the value of Ryipp changes, which makes the controller design
based on the evaluated (2) not suitable to ensure a consistent
performance in all the PV system operation range

VPV [ires Ircf(S)

The second implementation, given in [20] and presented in
Fig. 3, is based on the regulation of the input capacitance current
ic,, - In this approach, sensing the capacitor current is simpler
than sensing the inductor current because i, exhibits a zero dc

component and the sensor is connected to the ground.

\I}iL = Z'L - iref

Rarpp

G — .
1+ Rypp - Cin - s

2
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Similar to the previous solution, a P&O algorithm generates
the reference of the voltage controller G..., which produces the
reference ¢, of the input capacitor current SMC based on the
switching function W;, —and surface ®;, ~ given in
A B, ={ Wi, =0} @)

That surface imposes changes in the capacitor current ¢,
to mitigate both the perturbations present in the bulk capaci-
tor voltage v, and the perturbations caused by the irradiance
changes. The controller GG, design is based on the linearized
model given in (4). This control approach presents an improve-
ment with respect to the previous work because transfer function
(4) does not depend on any PV panel parameter, hence the de-
signed controller must provide the same behavior regardless the
operation conditions [20]

VPV (8) 1

(s) - Gy s @)

ic —icy, — tur

“in

ICiu

ref

However, the switching function in (3) can be rewritten as
in (5) where K, and K; are the proportional and integral pa-
rameters of the PI controller. Then, the main problem of the
design process in [20] concerts the adoption of three strong
simplifications that makes impossible to guarantee the system
performance in all the operation range: first, considering the
SMC as a current source to design K, and K; exclusively based
on (4). However, as reported in (5), the sliding surface depends
on K, and Kj;, hence the sliding-mode analysis must account
K, and K; values to ensure stability

\Ijicin = *Z'Cin - Kp : (UPV - 'Urcf) - K7 ’/(UPV - Uref) dt.
(%)

The second simplification is to consider the PV voltage con-
stant even in presence of changes in both the irradiance and the
capacitor current, which is not true, hence the stability analysis
with such assumption is not general. The third simplification is
to assume that a prefilter inserted between the reference and the
controller that does not modify the settling time and overshoot
of the PV voltage, which is not true since such a filter changes
the reference waveform provided to the SMC. Moreover, the
controller G, design requires a reduction of the system band-
width, which is usually close to 1/5 of the switching frequency,
to guarantee a good performance in all operation range [19].
However, due to the changes in the switching frequency caused
by the SMC implementation based on hysteresis comparators,
such a condition is not granted.

The previous disadvantages of the design procedures reported
in [15] and [20] severely affect the performance of the PV sys-
tem: First, the stability condition of the P&O algorithm imposes
that the perturbation period must be longer than the settling time
of the PV voltage as demonstrated in [4] and [19]. The design
procedures in [15] and [20] are not able to guarantee such a
condition. Second, it is desirable to ensure a null overshot in
the PV voltage to avoid power losses due to oscillations around
the MPP, however the procedures reported in [15] and [20] do
not ensure such a performance. Therefore, such solutions do not
ensure a correct tracking of the MPP, or even system stability,
in the complete operation range.

III. ANALYSIS OF THE SLIDING CONTROLLER

Based on the previous section, it is required to design a pro-
cess for the SMC that ensures the system stability, the desired
settling time, and null overshoot. Therefore, such a design pro-
cess must to take into account all the elements in the control
loops, e.g., requirements of the MPPT algorithm, SMC, filters,
etc.

A good alternative to define the behavior of the PV voltage
vpy is to include both the error with respect to the reference and
the voltage derivative into the switching function, where the
voltage derivative can be acquired by measuring the input ca-
pacitor current i¢, . The main advantage of such a switching
function concerns the regulation of the PV voltage without ad-
ditional controllers based on linearized models. Therefore, this
paper is based on the switching function ¥ and surface ¢ given
in (6), which enable to analyze the stability of the PV voltage in
presence of load, environment, or reference changes

\IJZ(UP\/—’UI-ef)~K1—|—Zb Ky A (132{\1120}.

(6)

It must be pointed out that such a switching function ¥ is
similar to the one adopted in [20], i.e., equivalent switching
function (5). However, this paper is focused in providing a new
analysis and design procedure for the control system, without
including any of the simplifications adopted in [20], to guarantee
a stable behavior of the SMC and a correct tracking of the MPP.

The scheme presented in Fig. 4(a) is used to implement the
switching function W, where the voltage reference v, is pro-
vided by a P&O controller. The dynamic behavior of the dc/dc
converter is modeled by (7) and (8), where ipy and v, represent
the PV current and the bulk voltage, respectively, while the ma-
nipulated variable u corresponds to the activation signal of the
semiconductor switches

in

. dv . .
ic,, = Cin - % =1ipy — L (7
di
v = L~%:’Upv—vb~(1—u). (8)

The PV current can be modeled by the simplified single-diode
model (9) [20], [22], where ig¢ represents the short-circuit cur-
rent, I is the diode saturation current, and « represents the
thermal voltage that depends on the array temperature [20]. The
parameters of this model can be calculated from the operation
condition and datasheet values as described in [22], where the
short-circuit current is approximately proportional to the irradi-
ance isc = Kg - S [23]

ipv = iSC — IR . (EQIUPV — 1) . (9)

Fig. 4(b) presents the block diagram of the control system in-
cluding the model of the PV system and the SMC structure,
where u is generated using a comparator centered in zero.

The design of a stable SMC requires to fulfill three conditions:
Transversality, equivalent control, and reachability [24]. In the
following, such conditions are used to develop a design proce-
dure for the control system that ensures the desired performance
criteria of the PV voltage.
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Fig. 4. Sliding mode control based on voltage error and input capacitor cur-
rent. (a) Circuital scheme. (b) Block diagram.

A. Transversality Condition

The transversality condition (10) guarantees that the manip-
ulated variable u is present in the switching function derivative
[14], which is required to modify the system dynamics

A
—dt £, (10)
du
To verify condition (10), the derivative of the function ¥ with
respect to the time is obtained in (11) and the derivative of the
PV current is given in (12), where Y = —Ip - o - e*PV

dv o dUpV d’Ul-Cf dipv diL
dtKl'< dt dt>+K2'<dt dt)(“)
dipy disc dvpy
= Y- . 12
dt dt + dt (12)

Replacing (8) and (12) into (11), the resulting equation is
presented

dv _ dvpy dipy dvyes
P (KI K dvpv> Ko =5
disc vpy — Up - (1 - u)
K, —Y K, . . (13
+ Ko i 2 ( I (13)
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The transversality condition is analyzed deriving (13) with
respect to u obtaining (14). Then, the transversality condition
is fulfilled if the parameter Ko # 0 since both v, and L are
positive
di _ _Kov £ 0.
du L

(14)

B. Equivalent Control Condition

The next step is to analyze the equivalent control condition,
which imposes that the average value u,, of the control variable
u must be constrained within the operation range of that control
variable [24]. For the dc/dc converter, the correct range is 0 <
Ueq < 1. These analyses are illustrated as follows:

dv

dt

Substituting u by ., in (13), and inserting such an expression
into (15), the following inequality is obtained

=0—=0<wuq <1 (15)

L K, dvpy Ky dveer
O<u = = |[([2L4v). L
< tea = [(K2+ ) ai K, di
L di
= Ese TV g o, (16)
Vp dt Vp

Moreover, since the analysis considers the system within the
surface ¥ = 0, (17) is obtained from (6) and (7). Expression (17)
describes the sliding-mode dynamics, which can be analyzed in
the Laplace domain as given

. dv K
ic,, = Cin - dzv = _F; “(vpy —vrer)  (17)
va (S) 1
= . 18
Viet (s) Kl .5 4+1 (1%

Equation (18) shows the existence of an equivalent pole in
—KQKié Therefore, both K| and K5 must to exhibit the same
sign to ensure the system stability.

Taking into account that the reference v, of this SMC is
provided by a P&O algorithm as in Fig. 4(a), the reference sig-
nal exhibits the following behavior: It remains constant during
the perturbation interval 7T ; and each 7, seconds, it changes
in constant incremental or decremental steps of Avyppr volts
looking for positive changes on the PV power [19]. Then, since
relation (18) guarantees that vpy = v.of When the system is in
steady state, and taking into account that 7, must be designed
longer than the settling of the PV voltage [4], [19], itis concluded
that each perturbation of the P&O generates an error of magni-
tude Awvyppr between the PV voltage and the reference. Such a
condition can be formalized as (vpy — Vyer) = Avyppr, Which
could be positive or negative.

Then, replacing (17) into (16), and including the previous
consideration, the inequalities (19) and (20) are obtained, as
shown at the bottom of the next page.

Inequalities (19) and (20) define the dynamic limits for the
derivatives of both the reference and the short-circuit current,

ie., d‘d—ff and diffc , respectively. Therefore, the maximum and

minimum values of d‘r’l—;‘ that must be granted to fulfill the
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Fig. 5. Complete PV system including the reference filter.

equivalent control condition are given by (21) and (22), respec-
tively, as shown at the bottom of the page. Such expressions
depend on the maximum irradiance derivative % and the oper-
ating conditions of both the PV array and the dc/dc converter.

The constraints in (21) and (22) put in evidence that step-like
waveforms must be avoided in v,f, i.€., dz—f‘ — 00. However,
since P&O controllers produce step-like changes on its output
signal, it is necessary to introduce a low-pass filter between the
P&O controller and the SMC to fulfill (21) and (22). Fig. 5
presents the complete PV system including such a reference
filter.

C. Reachability Conditions

The reachability conditions analyze the ability of the system
to reach the desired state ¥ = 0. The work in [24] demonstrated
that a system that fulfills the equivalent control condition also
fulfills the reachability conditions. The work also shows that
the sign of the transversality condition imposes the value of
u for each reachability condition. Due to the implementation
constraints, which are discussed in Section IV, the proposed
design of the SMC requires a negative value for the parameter
K. Hence, the transversality condition in (14) is positive, which
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Fig. 6. Implementation scheme of the control action.
for ¥ > 0 [24]
A av
im = =2 >0 (23)
v—0- dt u=1 dt u=1,U=0
dv dv
lim — = — < 0. 24)
-0t dt |,y dt],_og_g

Then, the reachability conditions are calculated by evaluating
(13) in (23) and (24), obtaining (25) and (26). By replacing (17)
in (25) and (26), the same inequalities given in (19) and (20) as
shown on the bottom of the next page are obtained. Therefore,
ensuring that %=L is constrained within the dynamic limits
given in (21) and (22) as shown bottom of the page also grants
that both reachability conditions are fulfilled, see equation (25)
and (26) as shown on the bottom of the next page.

IV. CONTROLLER IMPLEMENTATION AND
PARAMETERS CALCULATION

This paper uses hysteresis comparators for implementing the
SMC, which is a common practice for dc/dc converter appli-
cations. Moreover, an hysteresis band H must be added to the
sliding surface to limit the switching frequency [14], hence the
surface is constrained within —% <UL % From such a con-
dition, inequalities (23) and (24) are implemented as in (27),
whose electrical scheme is presented in Fig. 6. Its practical real-
ization was performed using a TS555 integrated circuit, which
exhibits the same internal structure. The conditions for « in (27)
are defined by the positive sign of the transversality condition
(14), it requiting a negative value of K5, which also imposes a
negative value to K;. Adopting positive values for K and Ky
will require additional implementation circuitry

imposes the reachability conditions (23) and (24) provided that U< — E P u=1 AT > E e u=0 27)
the control action is implemented asu = 1 for W < O andu = 0 -2 -2 ’
Vpy — Up K K Ky dver | disc
l=4+Y) A —— 19
( 7 ) K <K2 + ) WIPPT S TR T d (19)
Ky dvet | disc ('UPV) K, K,
—— —_— —— | — +Y |- Auvy 20
K, dt + ar < + %, C. e + UMPPT (20)
dvyer K, as VpYy — Up K, K,
— | Kg - — — — = +Y |- Avy 21
i < i [ S L < T o e + UMPPT 2D
dvyer K, as vpy K, K,
Sl 22K () - (24 An 2
dt K, [ §dt L K Cm \F & MPPT 22)
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A. Switching Frequency Analysis

The SMC implementation based on hysteresis comparators
imposes a variable switching frequency f;,. Taking into ac-
count that the input capacitor and the inductor of the scheme in
Fig. 5 form a second-order filter [25] and due to the small-ripple
condition of the PV voltage, the magnitude of the current rip-
ples for both the inductor Ai;, and the capacitor Aic, is the
same [25], i.e., Ai¢,, = Air. Then, the switching frequency
fsw imposed by the SMC is calculated from the derivative of
the inductor current (8) and the duty cycle of the boost converter
as in (28). Such an expression can be used to define Aic,, in
agreement with the practical limitations of the switching fre-
quency imposed by the semiconductors and sensors

vpy - (vy — vpV)

fsw B Aic -L- Up

(28)

in

B. Calculation of K,

The sliding-mode behavior, described in (6) and (18), ensures
that in steady state vpy = vy.cf, hence the hysteresis —% <UL
% becomes —% <ic,, Ky < % This expression correlates
the hysteresis band H of the sliding surface with the minimum
and maximum values of the steady-state current in the input
capacitor, which corresponds to the associated current ripple

Aig,, as given in (29). The magnitude of Ky can be calculated
from
H
K |= 29
‘ ’ | Aic,, &9

Since SMCs are commonly implemented using commercial
circuits, e.g., the TS555 and operational amplifiers, H must be
chosen according to the operation range of those components.
Moreover, Aic, must be designed to guarantee continuous
conduction mode and to avoid large ripples in the PV voltage.
In addition, as point out in (28), Aic,, must be also defined
in agreement with the practical limitations of the switching
frequency.

C. Design of the Reference Filter

The first step to design the low-pass filter added in Fig. 5 for
the voltage reference is to define the filter order. Such a topic
was addressed in [20] by using a first-order filter designed as in
(30), which avoids overshoots in the reference delivered to the
SMC and exhibits a settling time equal to ¢, 1 = 3.9 - 7

Vet (8) _ 1
UMPPT(S) 1 +Tf . S.

(30)

However, using a second-order filter, it is possible to obtain
the same performance with a shorter settling time, which is
desirable to enable shorter 7], values to improve the MPPT
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tracking speed. Therefore, this paper adopts the second-order
filter given in (31), which considers a damping ratio ( = 1 to
avoid overshoots in the reference of the SMC. In addition, this

filter exhibits a settling time equal to ¢, 9pq = 2322
Vrof () _ w2 31)
'UMPPT(S) s2 42 W, - s+ W,? '

The time response Yyj (¢) of the second-order filter to a step
input of magnitude Avypppr is presented in (32), where W,
must be designed to guarantee that the SMC reference v,¢f
fulfills the constraints in (21) and (22). Such a design requires to
evaluate both upper and lower limits within the operation range
of the PV system, e.g., minimum and maximum PV voltages, to
obtain the most restrictive limit for 42 i.e., max ((“d—;‘)

dt °
Yeu(t) = Avyppr - (L—e ™ 1+ W, 1)), (32)

Then, the maximum value of the filtered voltage derivative
(33) must be equal to max (d;—ff) The value of ¢ at which
(33) presents the global maximum is ¢ = V%, then the filter
parameter WW,, must be calculated as in (34)

dYri - 9 W\ dVyet
dt = A'UMPPT (Wn t-e ) — max dt (33)
dver ) | o1
w, = max () e (34)

Avnppr

To illustrate the improvement of the system performance by
using the second-order filter, the first-order filter in (30) was
designed as proposed in [20]: 7 = mf?\%:f) Then, to obtain

ax at
the same limitation max (%%t ) in the dynamic behavior of the
SMC reference, the second-order filter provides a settling time
54% shorter than the first-order option. Hence, taking into ac-
count that 7, > t, [19], the second-order filter enables to im-
plement a faster P&O algorithm.

D. Calculation of K and W,

The effect of the reference filter in the settling time of the
complete system must be considered. Otherwise, the settling
time of the PV voltage will not be the desired one, which makes
impossible to guarantee 7, > t5. In addition, the PV voltage
could exhibit overshoots that degrade the power generation. This
is the case of the design process given in [20], which does not
take into account the filter effect into the PV voltage dynamics.

In contrast, parameter K in this paper is designed to achieve
a desired settling time ¢, of the PV voltage imposed by the
P&O algorithm: The complete time response of the PV system
composed of both (18) and (31) is given in (35), shown at the
bottom of the next page, where the value of K depends on the
desired t = t, < T, and Avyppr

. dv vpV
im & = Y (K 4K, Y)-K, -
oo di g KK Y) K
. av UpV
m & — YV (K 4K, YY) — K -
gy = g Y = K

AVyet disc vpV
K- g (—) 2
at T g 2\ )0 (25)
dvyet disc Upy — Uy
Ky - — K- 26
at T g 2 L <0 (26)
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E. Summary of the Design Procedure

The design of the SMC is based on the requirements of
the P&O algorithm used to perform the MPPT: Perturbation
magnitude Avyppr and period T;,. Moreover, practical con-
straints must be also considered, e.g., maximum switching fre-
quency, maximum inductor current ripple, voltage constraints
of the circuits implementing the hysteresis band, etc.

The first step is to define Aic,, from requirements on Air,,
PV voltage ripple, or switching frequency (28). Then, K> is
designed from (29) based on the desired hysteresis band H
and Aic,, value. Subsequently, constraints in (21) and (22)
must be evaluated within the operation range of the PV sys-
tem, where the maximum reference derivative max (dl’l‘;‘ L) per-
missible depends on the parameter K. These expressions to-
gether with (34) and (35) form a nonlinear equation system that
must be solved by means of numerical methods, e.g., Newton—
Raphson, Trust-Region, Levenberg—Marquardt, genetic algo-
rithms, among others. The solution of the equation system gives
the required values of K} and W, to guarantee the SMC desired
behavior.

V. SIMULATION RESULTS

The proposed procedure to analyze and design the SMC for
the PV system in Fig. 5 is illustrated in the following condi-
tions. An irradiance operation range within 100 W/ m?2 <8<
1000 W/m? with a maximum continuous irradiance deriva-
tive 22 =1 kW/ (m? - s), which simulates a transition from
the highest irradiance to complete shade in 1 s. The adopted
PV module is a BP585 with average parameters igc = 5 A,
Ip =11.6 nA, o =0.9009 V7!, Kg =0.005 (A -m?*) /W,
and MPP voltages between 16.39 and 18.13 V. The param-
eters of the dc/dc converter are L = 22.5 yH, C}, = 66 uF,
C, =66 uF, v, =29 V, and a PV voltage operation within
10 V < wpy <20 V. In addition, the load perturbations gen-
erated by a grid-connected inverter consider a grid frequency
feria = 50 Hz and a maximum variation of v, equal to 34.5%,
e, 24V <y, <34 V.

The SMC design considers the following P&O parameters:
T, = 2 ms and Avyppr = 2 V. To ensure the P&O stability,
the desired settling time of the PV voltage is set to ¢, = 0.5 ms,
but many other ¢, < T, can be adopted. Concerning practi-
cal limitations, the switching frequency must be smaller than
95 kHz, and the implementation of the control action in Fig. 6
is performed using a TS555 integrated circuit, which imposes an
hysteresis band H = 1.667 V for a supply voltage V.. =5 V.

The current ripple of the input capacitor is calculated from
(28) at the maximum load voltage and MPP voltage obtaining
Aic,, =4 A. Then, the magnitude of K, is calculated from
(29), obtaining Ky = —0.417 V/A.

Subsequently, the equations system formed by (21), (22),
(34), and (35) is solved using the fsolve() function of MAT-
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the filter (see Fig. 5).

LAB with the Trust-Region method, obtaining K; = —0.212
and W,, = 1.0535 x 10° rad/s with a maximum derivative of
the reference max (df;ff‘f ) =0.76 V/ps.

Despite the SMC was designed for a continuous irradiance
derivative % =1kW/ (m2 . s) in dynamic conditions of the
reference, when the system is in steady state, e.g., with constant
reference, the SMC is able to support much faster irradiance
changes. Such a condition is evaluated from (19) and (20) by
replacing 2%t = 0 to obtain —80.36 MW/ (m? - s) < 42 <
90.51 MW/ (m? - s), which correspond to near step irradiance
transitions.

Fig. 7 presents the simulation of the SMC for step-like up
and down variations in the reference of 10 V. The simulation
in Fig. 7(a) corresponds to the scheme in Fig. 4(a), which does

not include the filter: Despite the SMC forces the PV voltage

vpy(t) = (I+a-eVrtpbt.eWnt —c. e%) - AvyppT
t=t

_ K2.Ciy
- K

_ 2W,-Q-1
a=w, -1

Q

b:

HrZ QQ (35)

W,
W, Q1>

CcC =
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Fig. 8. Simulation of the PV system with perturbations in the bulk voltage.
(a) For changes in the irradiance. (b) For changes in the PV operation voltage.

to satisfactorily track the reference v,¢, the sliding mode is lost
at the instant the reference changes. Such a condition validates
the requirement of constraining the derivative of the reference
described in (21) and (22). In contrast, Fig. 7(b) presents the
simulation of the scheme in Fig. 5, which includes the filter:
The SMC ensures the tracking of the reference while the surface
operates into the hysteresis band for all the conditions, i.e.,
the sliding mode holds even in the step-like transients of vycf.
Moreover, the characteristics of the PV voltage confirm the
accurate calculation of parameters K, Ky, and W,,: A null
overshoot and a settling time ¢, = 0.5 ms, both matching the
design requirements.

Fig. 8(a) presents a simulation of the PV system with the
voltage reference provided by the P&O algorithm. Moreover,
the simulation considers 100 Hz voltage oscillations in the load
voltage v, to illustrate the satisfactory mitigation of bulk voltage

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 1, JANUARY 2016

perturbations. This simulation shows a correct tracking of the
P&O reference with the desired setting time ¢, = 0.5 ms in
presence of large load voltage variations of 34.5%. The correct
operation of the P&O is confirmed by the accurate tracking of the
maximum PV power available p,,,«. The simulation considers
a PV array formed by two BP585 panels in parallel, both with
an irradiance level of S = 600 W/mQ. Att = 10 ms, one of the
panels is disconnected to simulate a step-like disturbance of 50%
in PV current, and at ¢ = 20 ms, the PV module is connected
again. The results show the accurate tracking of the MPP and the
satisfactory mitigation of the perturbations, which demonstrates
the effectiveness of the proposed design procedure.

Fig. 8(b) presents a similar simulation but considering a PV
array formed by two BP585 panels in series. The PV system op-
erates with a single panel up to ¢ = 10 ms, from that instant, the
second panel is connected to illustrate the tracking performance
when the optimal PV voltage changes considerably. Again, the
designed SMC enables the P&O to track the new MPP.

To illustrate the improvement of the proposed design method
over the procedures reported in [15] and [20], the design of the
SMC based on W in (6) is contrasted with the design of the
controller based on ¥;, in (1), reported in [15], and with the
design of the controller based on ¥;,, in (3), reported in [20].
To perform a fair comparison, the linear controllers required for
both ¥;, and ¥, were designed to provide null overshoot and
a settling time eql‘lual to 0.5 ms. Fig. 9(a) presents the controllers
response to a step change in the reference, where both ¥;,
and ;. options do not fulfill the overshoot and settling time
requirenllnents.

To provide comparisons in different operating conditions, the
three controllers were redesigned for 19 different settling times
between 0.1 and 1.0 ms. Fig. 9(b)—(d) compares the settling
time errors, overshoots, and energy losses provided by the three
options. Those simulations confirm that the design procedure
proposed in this paper ensures the required settling time and
overshoot, while the design procedures reported in [15] and
[20] lead to large errors in both the settling time and overshoot
as analyzed in Sections II and III.

Moreover, the inaccurately long settling times provided by
both ¥;, and ¥;, , e.g., 350% to 450% in some cases, could
lead to violate the P&O stability condition 7;, > t,. In addition,
the longer settling times and overshoots make both ¥;, and
W;, produce larger energy losses, 30% to 45% in some cases.

The simulations presented in this section put in evidence the
effectiveness of the proposed design procedure, since the SMC
based on W provides a correct tracking of MPP, in presence of
perturbations in both irradiance level and load voltage, for a wide
operation range. Moreover, the simulations also confirm the
advantages of the proposed procedure over the design methods
reported in [15] and [20].

VI. IMPLEMENTATION AND EXPERIMENTAL RESULTS

This section presents experimental validations of the pro-
posed design procedure. The experimental test bench consists
in a PV array made of two BP585 modules, a boost dc/dc
converter, an electronic load, a DSP device with a MCP4822
digital-to-analog converter (DAC) to implement the P&O as in
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0.2

[7], and a circuit based on operational amplifiers and a TS555
to implement the SMC. The TS555 and all OpAmps (rail-to-rail
TLC2272 and OPA2350) are unipolar 5-V powered. The struc-
ture of the experimental platform is presented in Fig. 10, where
the PV panels can be connected in series or parallel depending
on the test. Additional switches make possible the connection
or disconnection of the PV modules to emulate 50% step-like
irradiance transients or to instantaneously change the optimal
PV voltage. The converter, PV array, settling time, and P&O
parameters are the same ones that are previously adopted for the
simulation results; therefore, the SMC parameters K, K5, and
W, calculated in Section V hold for the experimental system.
The laboratory setup is presented in Fig. 11, which also shows
the PC used to program the DSP.

The reference filter in Fig. 10 was implemented using analog
components, i.e., two resistors and two capacitors. However,
since a DSP is used to process the P&O algorithm, it is possible
to discretize such a filter to be processed by the DSP.

The DAC used in the experimental platform has a minimum
sampling time of tsp = 4.5 ps, hence the digital filter must be
designed accordingly: Fig. 12(a) shows the dynamic response of
both the analog filter and its digital version with tsp = 4.5 us,
where the digital filter exhibits a settling time 244% longer
than the required one and an unacceptable overshoot. Therefore,
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using the MCP4822 DAC, it is not possible to implement a
digital version of the reference filter. Fig. 12(a) also shows the
performance of two digital filters designed with shorter sampling
times tsp = 1.5 ps and tsp = 0.5 ps, where only the one with
tsp = 0.5 us achieves the desired settling time (0.5 ms), but it
requires a DAC nine times faster, i.e., a much costly device.
Another option is to implement a derivative limiter instead of
a traditional filter. In this case, the step-like reference provided
by thedP&O becomes a ramp waveform with slope equal to
Vref

max (7) , where the time required by the ramp to reach the

reference voltage is tranp = Avyppr/ max ( dfl—f*) Then,
the number of steps forming the digital ramp is Nyanp =
1+ tramp /tsr. Using the DAC with tsp = 4.5 us adopted in
the experimental platform Ny anp = 1, hence no slope limita-
tion is performed as depicted in the simulations of Fig. 12(b).
Such a figure also presents the digital ramps achieved with
shorter tsp = 1.5 usand tsp = 0.5 us, where the first one pro-
vides two steps, while the latter one provides six steps. Again, a
much faster DAC is needed, in comparison with the MCP4822,
to achieve an acceptable digital ramp.

The previous analyses show that the adopted DAC forces the
analog implementation of the reference filter. However, faster
DAC:s enable to integrate the reference slope limitation into the
digital device used to process the MPPT algorithm.
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The proposed procedure for designing the SMC was validated
by reproducing the simulation tests using the experimental plat-
form of Fig. 10; Fig. 13 shows the experimental behavior of
the PV system in presence of step commands injected to the
reference, similar to the simulations presented in Fig. 7. This
test validates the design of the analog filter added to the ref-
erence of the SMC to ensure the system operation inside the
sliding band. Moreover, Fig. 13(b) validates the procedure to
calculate Ky, Ko, and W,, to impose a desired settling time to
the PV voltage including the filter effect.

Two additional experiments were made to verify the perfor-
mance of the complete PV system including the MPPT algo-
rithm: The first one considers a fast change in the irradiance,
and the second one considers a fast change in the MPP voltage.
In both tests, the electronic load was configured to impose a
100 Hz oscillation at the output port of the dc/dc converter to
emulate a disturbance of 34.5% generated by a grid-connected
inverter.

In the first case, the PV array is formed by two parallel con-
nected modules. Then, one of those modules is disconnected to
emulate a step-like 50% perturbation in the irradiance. Fig. 14(a)
presents the experimental waveforms, where the P&O exhibits
a stable three-point profile in presence of both the irradiance
and load voltage perturbations, which put in evidence the sat-
isfactory performance of the proposed design procedure. This
experiment confirms the simulations reported in Fig. 8(a).

In the second case, the PV array is originally formed by a sin-
gle module. Then, an additional module is connected in series to
produce a fast change on the MPP voltage. Fig. 14(b) presents
the results of this experiment, where the P&O accurately tracks
the new MPP in presence of the load voltage perturbations,
which verifies again the satisfactory performance of the design
procedure. This experiment confirms the simulations reported
in Fig. 8(b).

Finally, the experimental results presented in this section
validate the correctness of the proposed procedure to design
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the SMC in agreement with the requirements of the MPPT
algorithm.

VII. CONCLUSION

This paper has proposed an improved procedure for designing
the SMC of a boost converter in a grid-connected PV system.
Its PV voltage tracked the reference provided by an external
MPPT with a specified settling time and no overshoot while
being insensitive to changes in environmental conditions, such
as solar irradiation or PV module temperature, and the 100/120-
Hz perturbations in the bulk capacitor voltage linking the boost
converter and the cascaded inverter connected to the grid. In the
analysis of the selected switching surface, formed by a linear
combination of the input capacitor current and the PV voltage
error, a single control loop has been considered. This approach
differs from other similar solutions previously reported that used
cascade controllers based on inner fast current control loops
and outer voltage loops designed after a linearization of the
current loop dynamic response. Avoiding the linearization, it is
a key feature of the improved procedure because the validity of
the analytical expressions is not restricted around an operating
point, provided that the sliding regime is not lost.

As expected from other solutions, the expression of the equiv-
alent control obtained in the sliding analysis indicated that a
low-pass prefilter had to be inserted between the MPPT module
and the controller input, so that the usually large time deriva-
tives in the MPPT-provided reference voltage were sufficiently
limited to avoid losing the sliding regime. It has been found
that instead of the first-order low-pass filter of previous solu-
tions, a second-order critically damped filter provided the same
smoothing functionality but with much shorter settling times.
While the poorly designed filters of previous approaches caused
the controllers to fail in providing the PV voltage responses with
no overshoot and the specified settling times required by MPPT,
simulation and experimental results showed that the controller is
designed following the improved procedure fulfilled correctly
all these requirements. The controller parameters were calcu-
lated by solving a nonlinear set of equations obtained by com-
bining the filter design equations with the restrictions necessary
for the sliding regime to hold in all the PV module and dc/dc
converter operating points.

In the simulations and experiments, a SMC with a very simple
variable switching frequency hysteretic modulation was consid-
ered. A description of the experimental setup together with a
detailed controller implementation based in rail-to-rail OpAmps
and the well-known 555 timer, powered by a 5-V unipolar sup-
ply, has been provided to help readers in reproducing the exper-
imental results.

Finally, the same detailed analysis and design of SMC can
be applied in further developments to PV systems based on
other converter topologies such as buck (e.g., battery charges),
buck-boost (e.g., module optimizers), inverters (e.g., PV mi-
croinverters), among others.
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