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Abstract
Traditional implementation of sliding-mode controllers, based on hysteresis comparators, exhibits variable switching fre-
quency. Such a condition makes it difficult to select the semiconductor devices, design the passive elements of dc/dc con-
verters, and design the sensing filters usually adopted for removing the switching noise from currents and voltages. Those 
problems are always present in photovoltaic systems based on variable-frequency sliding-mode controllers. Therefore, this 
paper proposes an implementation methodology for sliding-mode controllers providing constant switching frequency, which 
is aimed for grid-connected photovoltaic applications. The proposed solution does not compromise the power production of 
the PV system, hence it provides the same PV power in comparison with the classical variable-frequency implementation. 
Finally, the performance and correct operation of the fixed-frequency implementation are demonstrated using both simula-
tion and experimental results.
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Abbreviations
vpv	� PV array voltage (V)
ipv	� PV array current (A)
ppv	� PV array power (W)
L	� Inductor value (H)
Cin	� Input capacitor value (F)
Cb	� Output capacitor value (F)
iL	� Inductor current (A)
vb	� Load voltage (V)
u	� MOSFET digital signal
d	� Duty cycle
isc	� PV short-circuit current (A)
B	� Diode saturation current (A)
A	� Inverse of the thermal voltage ( V−1)
Ta	� MPPT disturbance period (s)

�vpv	� MPPT disturbance magnitude (V)
� 	� Switching function
�	� Sliding surface
h	� Width of the hysteresis band
Tsw	� Switching period (s)
Fsw	� Switching frequency (Hz)
�L	� Inductor current switching function (A)
iref	� Inductor current reference (A)
RMPP	� PV array differential resistance ( �)
�V	� PV voltage switching function (V)
vref	� PV voltage reference (V)
K1,K2	� Dynamic gains
Rs	� Shunt resistance ( �)

Introduction

The solar irradiance is a renewable and clean energy source 
that is attracting interest due to its low environmental impact, 
high sustainability and availability at almost any place [1]. 
Hence, photovoltaic (PV) generators have become a stronger 
option to address the continuous increment of the power 
demand and to support the initiative of reducing the use of 
fossil fuels [1]. Moreover, the PV systems could be used to 
provide ancillary services for supporting the grid [2, 3] but, 
at the same time, the introduction of PV systems generates 
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changes in the power-system dynamics that must be modeled 
to avoid instabilities [4]. One of the challenges in controlling 
PV systems concerns the variability of the power production, 
which is mainly caused by the variation on the irradiance 
level, or by partial shading produced by surrounding objects 
[5], causing the activation of bypass diodes. The most com-
monly adopted solutions to face the partial shading problem 
are: reconfiguration of the electrical connections forming the 
PV array [6], global maximum power point tracking tech-
niques [7] and distributed maximum power point (DMPPT) 
architectures [8]. The DMPPT architectures are the solutions 
that produce the highest power, since bypass diodes are not 
activated. Therefore, micro-inverters have been developed 
to isolate one PV panel from the others, forming in this 
way a DMPPT architecture. Such a solution improves the 
power production of small PV plants by reducing the effect 
of partial shading conditions [7], but introducing the same 
problems of any grid-connected PV system.

A typical grid-connected PV system is composed by a 
PV array, a dc/dc converter to transform the power provided 
by the PV source, a controller to mitigate disturbances, and 
a grid-connected inverter as it is illustrated in Fig. 1. The 
PV array exhibits a non-linear behavior that changes sig-
nificantly with the operating conditions (irradiance, tem-
perature, and voltage at the array terminals), which makes 
difficult to predict the optimal PV voltage and current to 
guarantee the maximum power production [9, 10].

The design of a controller capable of rejecting distur-
bances occurring at both the photovoltaic array and the load 
represent one of the main challenges in the implementation 
of this kind of systems [11, 12]. Usually, grid-connected PV 
systems are controlled by a cascade connection of a maxi-
mum power point tracking (MPPT) algorithm and a PV volt-
age controller, where linear controllers (PI, PID or lead–lag) 
are a widely adopted alternative [9, 11–13]. Moreover, the 
Perturb and Observe (P&O) is a widely adopted MPPT 
algorithm, which provides a satisfactory trade-off between 

complexity and performance for the optimization of the 
operating point of renewable power sources [14].

To guarantee a correct tracking of the reference generated 
by the MPPT algorithm, and to mitigate the disturbances 
in both the load and the environmental conditions, the lin-
ear controllers are commonly designed from the model of 
the PV system linearized around a given specific operating 
point, e.g., the maximum power point (MPP) at the lowest 
irradiance condition [9, 10]. Thus, to guarantee the same 
performance in all the operation ranges it is necessary to 
design non-linear controllers based on non-linearized mod-
els. In this way, the sliding-mode control (SMC) is an effec-
tive non-linear approach with several advantages: robustness 
against parametric tolerances, global stability, and a binary 
control signal matching the requirements of the dc/dc con-
verter [9]. Therefore, the regulation of grid-connected PV 
system using SMC has been extensively addressed in the 
literature as reported in [9, 15–20]. However, those solutions 
provide the classical implementation based on a variable-
switching frequency that depends on the dc/dc converter 
parameters and on the operating conditions imposed by 
both the environment and load. Such a variable-switching 
frequency is a major problem for practical circuits based on 
SMC ([15, 21]) due to the operational restrictions imposed 
to the semiconductor devices, making the implementation 
of filters required for measuring the signals used for process-
ing both the controller and MPPT algorithm also difficult 
[22]. Moreover, some SMC implementations use digital 
devices [23], hence the switching frequency cannot exceed 
the sampling frequency of the analog-to-digital-converters 
(ADC) used to measure the PV voltage and current [24]. 
Therefore, a constant switching frequency is desired to sim-
plify the implementation of SMC for PV systems: accurate 
filters design, correct selection of both ADC and control 
microprocessors, precise selection of the semiconductors 
depending of both Turn-ON and Turn-OFF times, among 
other advantages that will decrease the implementation cost 
and complexity.

This topic, in the context of dc/dc converters, was 
addressed in [21] using the equivalent control value of the 
SMC as duty cycle. This approach results in a duty cycle 
regulation following the theoretical sliding-mode surface 
provided to a traditional PWM circuit. Another approach 
was proposed in [25], which reports a fixed-frequency SMC 
to improve the dynamic response of a single-phase inverter 
subjected to a sudden fluctuation of the load. This solu-
tion uses a flip-flop to generate the control signal with an 
additional constant frequency clock to impose a constant 
Turn-ON time. However, those solutions were not analyzed 
considering the PV source.

This paper proposes a methodology for implementing 
sliding-mode controllers with constant switching frequency 
for the Maximum Power Point Tracking of PV systems. Fig. 1   Scheme of a classical grid-connected PV system
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The proposed method is aimed at implementing first-order 
sliding-mode controllers due to the large amount of those 
solutions reported in literature [9, 15, 16, 19, 20]. The paper 
is organized as follows: Section 2 presents the background 
of the proposed design procedure, then Sect. 3 describes 
the proposed methodology based on an adaptive hysteresis. 
Section 4 illustrates the application of the proposed solution 
to SMCs reported in literature; this section demonstrates the 
performance of the proposed implementation method using 
detailed simulations. Moreover, Sect. 5 provides experi-
mental verifications of the fixed-frequency provided by the 
proposed solution. Finally, the conclusions close the paper.

Background of the proposed solution

The solution proposed in this paper is aimed at implement-
ing sliding mode controllers, operating at fixed frequency, 
to regulate the PV voltage and to mitigate the low frequency 
voltage oscillations caused at the bulk capacitor Cb , reported 
in Fig. 2, by the inverter operation in grid-connected PV 
systems [19].

The PV system depicted in Fig. 2 is based on a boost con-
verter, which is widely adopted to develop grid-connected 
PV systems because it provides a satisfactory trade-off 
between simplicity, cost and voltage-boosting factor [26]. 
Therefore, the boost converter is the topology adopted in this 
paper for the dc/dc stage of the grid-connected PV system. 
The simplified circuital scheme of the PV system, presented 
in Fig. 2, includes a voltage source modeling the dc-link and 
the grid-connected inverter. Such a voltage source model is 
an accurate representation because the dc/ac stage regulates 
the dc-link voltage ( Cb capacitor voltage) as it is reported 
in [9, 11, 26].

Equations (1) and (2) provide the dynamic model of the 
PV system [26], where vpv and ipv represent the voltage and 
the current of the PV array, respectively, iL represents the 
inductor current, vb is the load voltage, while L and Cin rep-
resent the inductor and input capacitor values. Moreover, u 
represents the control signal that defines the MOSFET and 

diode status: u = 0 open the MOSFET (close the diode) and 
u = 1 close the MOSFET (open the diode).

The PV array is modeled using the ideal single diode model 
(ISDM) reported in [9], which is extensively used to design 
controllers due to the satisfactory balance between accuracy 
and simplicity [26]. From that model, the PV current ipv 
is given in (3). In the ISDM isc represents the short-circuit 
current, which is almost proportional to the irradiance, B is 
the diode saturation current and A represents the inverse of 
the thermal voltage, which depends on the temperature [26]. 
Those parameters can be calculated from datasheet values 
or experimental measurements [26], hence the model can be 
updated depending on the changes occurring on the environ-
mental conditions.

Figure 2 also depicts the connection between the MPPT 
algorithm and the main controller. This paper adopts the 
P&O algorithm due to its efficiency and simplicity. The 
operation principle of the P&O algorithm is the following: 
the PV voltage is perturbed in the direction that increases the 
PV power, hence if the power is decreased, the PV voltage 
is perturbed in the opposite direction [14]. This behavior 
enables to detect the optimal PV voltage that maximizes the 
power production. The flowchart of the P&O algorithm is 
given in Fig. 3, in which k and k − 1 represent the present 
and previous processing cycles of the algorithm, respec-
tively, which are executed each disturbance period Ta . The 
variable Sign codifies the direction in which the PV voltage 
is perturbed (Sign = 1 for increment and Sign = − 1 for 
decrement), while term �vpv corresponds to the disturbance 
magnitude that will be introduced into the PV voltage. This 
flow-chart put into evidence the discrete nature of the P&O 
algorithm, hence it must be implemented using a digital 
microprocessor.

There are reported in literature multiple SMC aimed at 
regulating the PV voltage to follow the reference generated 
by a P&O algorithm, i.e., following the structure given in 
Fig. 2. From those solutions, three approaches with different 
relations between complexity and performance have been 
selected to illustrate the application and usefulness of the 
proposed fixed-frequency implementation technique. The 
selected SMCs are: first, the approach published in [15], 
which is based on the sliding-mode control of the inductor 
current, it requiring simple analytical expressions; however, 

(1)
diL

dt
=
vpv − vb ⋅ (1 − u)

L

(2)
dvpv

dt
=
ipv − iL

Cin

(3)ipv = isc − B ⋅ (eA⋅vpv − 1)

Fig. 2   Two-stage grid-connected PV system
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the design of an additional cascade voltage control requires 
an equivalent model parameterized in a given operating 
point. The second approach, published in [16], is based 
on the sliding-mode control of the input capacitor current, 
which requires more complex analytical expressions but the 
resulting cascade voltage control is independent of the oper-
ating point. The third approach, published in [9], is based 
on a sliding surface depending on both the input capacitor 
current and PV voltage, which avoids the requirement of 
cascade voltage controllers. This feature increases the band-
width of the controller at the expense of much complicated 
mathematical analyses. In conclusion, applying the proposed 
fixed-frequency implementation technique to those control 
approaches will put into evidence the practical usefulness 
of the solution.

The following subsection describes the basic tools 
required to analyze sliding-mode controllers, which are used 
to introduce the proposed fixed-frequency implementation 
technique. Moreover, Sects 2.2, 2.3 and 2.4 provide the main 
equations of each selected case, which are required to apply 
the implementation technique.

Basic concepts of sliding‑mode control

Sliding-mode controllers are a special type of variable struc-
ture systems, in which the state of the system dynamics is 
attracted to a desired sliding surface defined in the state-space. 
When certain conditions are fulfilled, the state of the system 
“slides” into the surface, it remaining (ideally) insensitive 
to variations in the parameters of the plant and to external 

disturbances. Therefore, the main goals of a SMC are to force 
the system trajectories to reach a given sliding surface � and 
to force the system to keep trapped into � . In those conditions, 
the behavior of the closed-loop system is determined by the 
equations describing the sliding surface � = {� = 0} , where 
� is the sliding function. Sira-Ramirez demonstrated in [27] 
the three conditions that must be fulfilled to ensure the exist-
ence of the sliding mode, i.e., ensure the operation into � : 
transversality, reachability, and equivalent control.

Transversality condition

The transversality condition, given in (4), evaluates the pres-
ence of the manipulated variable u into the switching function 
derivative [22], which is required to modify the system dynam-
ics. Therefore, if (4) is not fulfilled, the SMC will not be able 
to affect the system behavior.

Reachability conditions

The reachability conditions analyze the ability of the system 
to reach the desired state � = 0 . The concept is the following: 
when the system is operating under the surface, i.e., 𝛹 < 0 
( � → 0− near the surface), the derivative of the switching 
function must be positive to increase the value of � . Simi-
larly, when the system is operating over the surface, i.e., 𝛹 > 0 
( � → 0+ near the surface), the derivative of the switching 
function must be negative to decrease the value of � . Those 
conditions are formalized as follow:

If those expressions are fulfilled the system will converge to 
the surface, hence the system will be controller according 
to � = {� = 0}.

However, the sign of the switching function derivative must 
be also analyzed to provide practical tests: if the transversality 
(4) has a positive sign, it means a positive value of u imposes 
a positive der ivative to the surface �  ,  i .e. , {

d

du

(
d𝛹

dt

)
> 0 ∧ u = 1

}
→

d𝛹

dt
> 0 . Instead, if the transversal-

ity has a negative sign, it means a positive value of u imposes 
a  n e g a t i v e  d e r i v a t i v e  t o  �  ,  i . e . , {

d

du

(
d𝛹

dt

)
< 0 ∧ u = 1

}
→

d𝛹

dt
< 0 . Those analyses lead to 

the following practical reachability conditions:

(4)
d

du

(
d�

dt

) ≠ 0

(5)lim
𝛹→0−

d𝛹

dt
>0

(6)lim
𝛹→0+

d𝛹

dt
<0

Fig. 3   P&O flowchart
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Expressions (7) and (8) define the control law of the SMC 
[9] depending on the transversality value exhibited by the 
system. Moreover, fulfilling both the transversality and 
reachability conditions also guarantees that the trajectory 
of the system will be parallel to the surface as it is demon-
strated in [27], hence the following closed-loop conditions 
hold:

However, implementing the control laws given in (7) or (8) 
requires an infinite switching frequency, which is impossible 
to obtain with real semiconductor devices. Therefore, an 
hysteresis band is added to the control law to limit the 
switching frequency [9] as it is depicted in Fig. 4. In this 
way, the switching frequency is defined by the values of the 
switching function �  derivatives (both positive and nega-
tive) and by the size of the band. Fig. 4 illustrates such a 
condition, where h is the width of the hysteresis band, there-
fore the band limits are 

{
−

h

2
,
h

2

}
 . But, due to the constant 

(7)
d

du

�
d𝛹

dt

�
>0 ⇒

⎧
⎪⎪⎨⎪⎪⎩

lim
𝛹→0−

d𝛹

dt

����u=1 > 0

lim
𝛹→0+

d𝛹

dt

����u=0 < 0

⎫
⎪⎪⎬⎪⎪⎭

(8)
d

du

�
d𝛹

dt

�
<0 ⇒

⎧
⎪⎪⎨⎪⎪⎩

lim
𝛹→0−

d𝛹

dt

����u=0 > 0

lim
𝛹→0+

d𝛹

dt

����u=1 < 0

⎫
⎪⎪⎬⎪⎪⎭

(9)
{
� = 0 ∧

d�

dt
= 0

}

value of the hysteresis band, the switching frequency 
changes when the derivatives of � change, which occurs due 
to disturbances in the operating conditions as it is illustrated 
in Fig. 4. This concept will be used in Sect. 3 to propose the 
new fixed-frequency implementation technique.

Equivalent control condition

The equivalent control condition requires that the average 
value ueq of the control variable u be constrained within the 
practical operation range [27]. For dc/dc converters the limits 
of u are 0 (MOSFET open) and 1 (MOSFET close), moreover 
in dc/dc converters the average value of u is equal to the duty 
cycle d. Therefore, fulfilling the equivalent control condition 
guarantees the duty cycle of the converter is not saturated. The 
formal expression of the equivalent control condition is given 
in (10), in which Tsw represents the switching period.

Finally, Sira-Ramirez demonstrated in [27] that any system 
fulfilling the reachability conditions also fulfills the equiva-
lent control condition.

Sliding‑mode control of the inductor current

The solution proposed in [15], is based on the sliding-mode 
control of the inductor current to provide global stability. The 
solution considers a cascade control formed by a P&O algo-
rithm to detect the optimal voltage reference, a linear volt-
age regulator Gcc providing the current reference to reach the 
desired optimal voltage, and the SMC regulating the inductor 
current. Figure 5 shows the circuit scheme and illustrates the 
control structure.

The switching function �L and sliding surface �L used to 
design the SMC are given in (11).

(10)0 < ueq =
1

Tsw
⋅ ∫

Tsw

0

u dt < 1

(11)�L = iL − iref ∧ �L = {�L = 0}

Fig. 4   Basic concept of SMC operation Fig. 5   Schema system based on inductor current control
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The evaluation of the transversality condition (4) is reported 
in (12), which demonstrates that (11) is suitable to imple-
ment a SMC because both vb and L are positive values, i.e., 
equation (12) is different from zero.

Since the transversality value is positive, the reachability 
conditions given in (7) must be tested:

Such expressions guarantee the global stability of the closed-
loop system since vb > vpv > 0 , which is a basic operation 
condition of the boost converter. In (13) and (14) the subin-
dexes up and dw have been added to identify the positive and 
negative derivatives of �L , respectively; this nomenclature 
will be used in Sect. 3 to describe the new fixed-frequency 
implementation technique. Finally, the equivalent control 
condition is granted because both reachability conditions 
(13) and (14) are fulfilled.

The action of the SMC produces an equivalent closed-
loop dynamic that must be modeled to design the voltage 
controller Gcc . Replacing the voltage differential equation 
(2) and the sliding-mode equation (11) into the closed-loop 
conditions imposed by the SMC (9), in Laplace domain, 
leads to the following equivalent dynamic:

In such an expression RMPP =
||||
�vpv

�ipv

|||| represents the differen-

tial resistance of the PV array [14], which depends on the 
irradiance, temperature and operating point. Expression (15) 
put into evidence the global stability provided by the SMC 
because equivalent pole s = −1∕

(
RMPP ⋅ Cin

)
 is always nega-

tive. Moreover, since vb is not present in the equivalent 
dynamic (15), any disturbance in the dc-link Cb is mitigated. 
However, the settling time of the PV voltage in (15) depends 
on RMPP , hence the transfer function must be parameterized 
at the most critical case, i.e., the one with the longer settling 
time, which corresponds to the lower irradiation expected as 
it is reported in [14].

(12)
d

du

(
d𝛹L

dt

)
=

vb

L
> 0

(13)
d𝛹

L,up

dt =
lim

𝛹L→0−

d𝛹L

dt

||||u=1 =
vpv

L
> 0

(14)
d𝛹

L,dw

dt
= lim

𝛹L→0+

d𝛹L

dt

||||u=0 =
vpv − vb

L
< 0

(15)
Vpv(s)

Iref(s)
=

−RMPP

RMPP ⋅ Cin ⋅ s + 1

Sliding‑mode control of the input capacitor current

The second case to be analyzed is based on the regulation of 
the input capacitor current iCin

 published in [16]. This SMC 
improvement provides both global stability and constant set-
tling time to the PV system. Moreover, the measurement of 
the input capacitor current is simpler, in comparison with the 
measurement of the inductor current, due to both the ground 
connection of Cin and the zero dc component of the capaci-
tor current [16]. The control structure, depicted in Fig. 6, is 
similar to the one described in the previous subsection, but 
in this case the switching function �C and the sliding surface 
�C are given in (16).

Deriving �C from (16), and taking into account that 
iCin

= ipv − iL , enables to calculate the explicit derivative of 
�C:

The evaluation of the transversality condition is reported in 
(18), which imposes the reachability conditions given in (8).

The evaluation of those reachability conditions is reported 
in (19) and (20), which impose the dynamic restriction given 
in (21) to the PV current.

(16)�C = iCin
− iref ∧ �C = {�C = 0}

(17)
d�C

dt
=

dipv

dt
−

vpv − vb ⋅ (1 − u)

L

(18)
d

du

(
d𝛹

dt

)
=

−vb

L
< 0

(19)
d𝛹C,up

dt
= lim

𝛹C→0−

d𝛹C

dt

||||u=0 =
dipv

dt
−

vpv − vb

L
> 0

(20)
d𝛹C,dw

dt
= lim

𝛹C→0+

d𝛹C

dt

||||u=1 =
dipv

dt
−

vpv

L
< 0

(21)
vpv − vb

L
<
dipv

dt
<

vpv

L

Fig. 6   Schema system based on Capacitor current control
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In practice, limitation (21) informs that the PV current 
could be changed with a maximum speed imposed by 
the inductor current, i.e., the maximum derivative of the 
PV current must be lower than the maximum derivative 
of the inductor current, similarly the minimum deriva-
tive of the PV current must be higher than the minimum 
derivative of the inductor current. Thus, the inequal-
ity given in (21) reveals that the maximum irradiance 
variation that can be tracked without losing the sliding-
mode control. For example, considering L = 330 𝖧 , 
vb = 24 � and vpv = 18 � , the PV current derivative 
must be constrained to −18.2 �∕�� <

dipv

dt
< 54.5 �∕�� , 

w h i c h  a p p r ox i m a t e d  c o r r e s p o n d  [ 2 6 ]  t o 
−3868.5 �∕

(
�� ��

)
<

dS

dt
< 11605.4 �∕

(
�� ��

)
 , i.e., very 

high irradiance derivative restrictions difficult to violate on 
practice. Therefore, this solution provides global stability in 
any practical case.

The equivalent closed-loop dynamics of this case, in 
Laplace domain, are reported in (22). Therefore, any dis-
turbance injected in vb is mitigated. Moreover, the dynamic 
behavior of (22) does not depend on the operating point, 
hence a cascade voltage controller designed with (22) is able 
to provide the same performance (settling time and damping 
ratio) at any operation condition.

Sliding‑mode control of the PV voltage

The previous solutions have a voltage-current cascade struc-
ture, which reduces the bandwidth of the PV voltage as it is 
explained in [9]. To remove that cascade control, the solu-
tion reported in [9], and illustrated in Fig. 7, proposes a 
single SMC based on both the input capacitor current and 
PV voltage error. For this case, the switching function �V 
and sliding surface �V are given in (23), where K1 and K2 
are constants used to define the dynamic behavior of the 
PV system.

(22)
Vpv(s)

Iref(s)
=

−1

Cin ⋅ s

The transversality, reachability, and equivalent control 
conditions are extensively demonstrated in [9]. A summary 
of those analytical proofs is the following:

–	 The transversality condition, given in (24), imposes a 
first constraint that must be fulfilled by K2 to ensure 
controlability. Moreover, the design process developed 
in [9] imposes a K2 value that ensures a positive trans-
versality condition. 

–	 The reachability conditions imposed by a positive value 
of the transversality are given in (7). Deriving (23), 
and replacing such an expression in (7) leads to con-
straints (25) and (26), where the intermediate variable 
y is given in (27). 

 Expressions (25) and (26) impose two additional restric-
tions for K1 and K2 that must be fulfilled to ensure global 
stability. Such restrictions depend, first, on the maximum 
irradiance derivative expected, which in this case is rep-
resented in terms of the short-circuit current derivative 
diSC

dt
 , this leading to a practical analysis similar to the 

one performed for the previous case. The restrictions 
also depend on the derivative of the reference signal 
dvref

dt
 , which is limited by the low-pass filter introduced 

between the P&O algorithm and the SMC as it is illus-
trated in Fig. 7.

–	 The procedure to calculate K1 and K2 values that simul-
taneously fulfill the constrains imposed by (24), (25) 
and (26) is reported in [9]. Therefore, such a design 
procedure enables to guarantee global stability.

The design procedure reported in [9] also takes into 
account the effect of the low-pass filter into the dynam-
ics of the PV voltage, providing values for K1 and K2 that 

(23)�V = (vpv − vref) ⋅ K1 + iCin ⋅ K2 ∧ �V = {�V = 0}

(24)
d

du

(
d�V

dt

)
=

−(K2 ⋅ vb)

L
≠ 0

(25)
lim
𝛹→0−

d𝛹V

dt

||||u=1 =
dvpv

dt
⋅ (K1 + K2 ⋅ y) − K1 ⋅

dvref

dt

+ K2 ⋅
diSC

dt
− K2 ⋅

vpv

L
> 0

(26)
lim
𝛹→0+

d𝛹V

dt

||||u=0 =
dvpv

dt
⋅ (K1 + K2 ⋅ y) − K1 ⋅

dvref

dt

+ K2 ⋅
diSC

dt
−

K2 ⋅ vpv − vb

L
< 0

(27)y = − B ⋅ A ⋅

(
eA⋅vpv

)

Fig. 7   Complete PV system including the reference filter
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ensures a null overshoot and a constant settling time for 
any operation condition. Finally, due to the larger band-
width provided by the direct PV voltage control, in com-
parison with the current-voltage cascade solutions, this 
SMC provides a shorter settling time, i.e., a faster ref-
erence tracking, but at the expense of more complicated 
mathematical analysis and design equations.

Fixed‑frequency implementation technique 
based on adaptive hysteresis

Section  2.1.2 analyzed the two conditions causing the 
switching frequency variation in presence of disturbances: 
the hysteresis band is constant but the derivatives of the 
switching function change, hence the time required by the 
switching function to travel between the limits of the hys-
teresis band also changes. Since the switching period Tsw 
depends on the time required by the switching function to 
travel between the limits of the hysteresis band, the switch-
ing frequency Fsw changes.

From Fig. 4 the practical control law is extracted, includ-
ing the effect of the hysteresis band, which modifies the 
theoretical reachability conditions (5) and (6) as follow:

Combining (28) and (29) with the reachability conditions 
for a positive transversality value, given in (7), leads to the 
practical control law for systems with a positive transversal-
ity value given in (30).

Similarly, combining (28) and (29) with (8) leads to the 
practical control law for systems with a negative transver-
sality value given in (31).

(28)lim
𝛹→

−h

2

d𝛹

dt
>0

(29)lim
𝛹→

h

2

d𝛹

dt
<0

(30)
d

du

�
d𝛹

dt

�
> 0 ⇒

⎧
⎪⎪⎨⎪⎪⎩

𝗂𝖿 𝛹 <=
−h

2
𝗌𝖾𝗍 u = 1

𝗂𝖿 𝛹 >=
h

2
𝗌𝖾𝗍 u = 0

⎫⎪⎪⎬⎪⎪⎭

(31)
d

du

�
d𝛹

dt

�
< 0 ⇒

⎧
⎪⎪⎨⎪⎪⎩

𝗂𝖿 𝛹 <=
−h

2
𝗌𝖾𝗍 u = 0

𝗂𝖿 𝛹 >=
h

2
𝗌𝖾𝗍 u = 1

⎫⎪⎪⎬⎪⎪⎭

To avoid the frequency variation due to changes in the 
operating point, the width h of the hysteresis band must 
be adapted: if the derivative of the switching function 
increases, h must be increased to keep constant the time 
needed to reach the band limit; similarly, if the derivative of 
the switching function decreases, h must be decreased. This 
concept is illustrated in Fig. 8, in which the hysteresis band 
is reduced to keep the switching frequency constant.

The implementation technique proposed in this paper is 
aimed for first-order sliding surfaces, hence the switching 
function must have first-order terms only. This decision is 

Fig. 8   SMC operation for first order with adaptive hysteresis band

Fig. 9   Practical implementation for SMC with positive transversality 
values

Fig. 10   Practical implementation for SMC with negative transversal-
ity values
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based on the large amount of first-order SMC designed for 
PV systems reported in literature [9, 15, 16, 18]. The first-
order condition ensures a triangular waveform of the switching 
function, as it is depicted in both Figs. 4 and 8, which enables a 
fast calculation of the time required by the switching function 
to reach the hysteresis band limits.

Figure 8 also illustrates the method used to calculate the 
time tup required by the switching function � to travel from the 
lower band limit to the upper band limit, hence traveling a dis-
tance equal to the band width h. Similarly, the time required by 
� to travel from the upper limit to the lower limit is tdw . From 
Fig. 8 it is concluded that tup depends on the positive derivative 
of the switching function d𝛹up

dt
> 0 as follows:

From the figure it is also concluded that tdw depends on the 
negative derivative of the switching function d𝛹dw

dt
< 0 as it 

is given in (33). In that expression the derivative is negative, 
hence the vectorial quantity changed in �  is negative ( −h).

Figure 8 also shows that the switching period Tsw corre-
sponds to the sum of both tup and tdw , which leads to the 
following expression for the switching frequency Fsw:

Replacing (32) and (33) into (34) leads to:

(32)tup =
h

d�up

dt

(33)tdw =
−h
d�dw

dt

(34)Fsw =
1

Tsw
=

1

tup + tdw

(35)
Fsw =

1
h

d�up

dt

−
h

d�dw

dt

Finally, the expression for adapting h to ensure a fixed 
switching frequency Fsw is given in (36). It must be high-
lighted that such an expression depends on the switching 
function derivatives, therefore the SMC to be implemented 
must be analyzed as described in the examples reported in 
Sect. 2. In any case, those analyses are required to demon-
strate global stability and to design the dynamic behavior of 
the closed-loop system.

To simplify the design of the circuital implementation of the 
fixed-frequency SMC, it is helpful to transform the practical 
control law, given in (30) and (31) as inclusive conditions, 
into the exclusive conditions given in (37) and (38) for both 
positive and negative transversality values, respectively.

(36)h
(
vpv, ipv, vb

)
=

d�up

dt
⋅

d�dw

dt

Fsw ⋅

(
d�up

dt
−

d�dw

dt

)

Fig. 11   Flow chart of the proposed solution

Fig. 12   Block diagram of the SMC based on �
L
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Those control laws are implemented using two compara-
tors, a Flip-Flop S-R and a digital microprocessor (or 

(37)d

du

�
d𝛹

dt

�
>0 ⇒

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

𝗂𝖿 𝛹 >
h
�
vpv, ipv, vb

�
2

�����u=0
𝗌𝖾𝗍 𝖬𝖮𝖲𝖥𝖤𝖳 𝖮𝖥𝖥

𝗂𝖿 𝛹 < −
h
�
vpv, ipv, vb

�
2

�����u=1
𝗌𝖾𝗍 𝖬𝖮𝖲𝖥𝖤𝖳 𝖮𝖭

⎫
⎪⎪⎪⎬⎪⎪⎪⎭

(38)d

du

�
d𝛹

dt

�
<0 ⇒

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

𝗂𝖿 𝛹 >
h
�
vpv, ipv, vb

�
2

�����u=1
𝗌𝖾𝗍 𝖬𝖮𝖲𝖥𝖤𝖳 𝖮𝖭

𝗂𝖿 𝛹 < −
h
�
vpv, ipv, vb

�
2

�����u=0
𝗌𝖾𝗍 𝖬𝖮𝖲𝖥𝖤𝖳 𝖮𝖥𝖥

⎫
⎪⎪⎪⎬⎪⎪⎪⎭

analog circuitry) to calculate h
(
vpv, ipv, vb

)
 online. Fig-

ures 9 and 10 show the electrical scheme of the proposed 

Fig. 13   Response of the PV sys-
tem with the SMC based on �

L

(a)

(b)
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fixed-frequency implementation for SMC with both posi-
tive and negative transversality values, respectively. In such 
schemes it is assumed a digital microprocessor for calculat-
ing h

(
vpv, ipv, vb

)
 since a wide range of commercial devices 

are available for this purpose. Moreover, such schemes can 
be also emulated in the power electronics simulator PSIM 
using a C block. In any case, analog circuitry could be also 
used, but such an implementation will require analog mul-
tipliers and dividers.

Application of the fixed‑frequency 
implementation technique

This section illustrates the application of the proposed imple-
mentation technique using the three cases described in Sect. 2: 
inductor current control (case 1), input capacitor current con-
trol (case 2) and direct PV voltage control (case 3) for a grid-
connected PV system.

The simulations of those SMC consider the follow-
ing parameters: a BP585 PV module with parameters 
A = 0.703 �−� and B = 0.894 𝖠 , a MPP voltage between 
16.39 � and 18.13 � , a dc/dc converter with L = 330 �� 
and Cin = 22 𝖥 , an irradiance operation range from 
S = 100 �∕�� to S = 1000 �∕�� , and a desired switching 
frequency Fsw = 60 ���.

The simulations of the implementation technique were 
performed using the power electronics simulation PSIM, and 
the calculation of h

(
vpv, ipv, vb

)
 was implemented using C lan-

guage. This procedure enables to tests the proposed solution 
by emulating the behavior of a Digital Signal Processor (DSP).

Case 1: inductor current control

The theoretical background of this SMC was previously 
described in Sect. 2.2. In this case, the explicit expression 
for calculating h

(
vpv, ipv, vb

)
 is obtained by introducing the 

switching function derivatives (13) and (14) of �L into (36), 
obtaining (39). Such an expression must be calculated online 
by measuring vpv and vb as presented in Fig. 11, hence the 
ADC and DSP used for the implementation must to provide 
acquisition frequencies high enough, i.e., at least the double 
of the switching frequency [9].

Figure 12 presents the block diagram of the complete PV 
system including the fixed-frequency SMC. This block dia-
gram implements the PV system equations (1), (2) and (3); 
moreover it follows the scheme depicted in Fig. 5 to include 
the MPPT algorithm. Taking into account the positive sign of 

(39)hL =
vpv

L ⋅ Fsw

⋅

vb − vpv

vb

the transversality for this case (12), the block diagram imposes 
the control law given in (37) following the circuital scheme 
described in Fig. 9. The block diagram also shows the C code 
used to calculate hL as it is reported in (39).

The cascade voltage controller Gcc is designed using the 
transfer function given in (15), which is parameterized at the 
lower irradiance condition with RMPP = 10 �:

The Gcc controller was designed with a PI structure, using 
the root-locus technique [26], based on the following crite-
ria: a settling time of 0.9 �� and a damping ratio of 0.707, 
obtaining the controller given in (41).

Figure 13a shows the electrical simulation the PV system, 
in which the size of the hysteresis band hL is continuously 
adapted to keep the switching frequency constant at 60 ��� 
despite the presence of 30 % load voltage disturbances ( vb ). 
The simulation uses a frequency meter to report the MOS-
FET switching frequency Fsw . Moreover, such a simulation 
shows the correct tracking of the reference provided by the 

(40)
Vpv(s)

Iref(s)
=

−10

0.00022 ⋅ s + 1

(41)Gcc(s) = −
1.5 ⋅ s + 1500

s

Fig. 14   Block diagram of the SMC based on �
C
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P&O algorithm, which enables the PV voltage to reach the 
optimal value that maximizes the generated power. In fact, 
an irradiance disturbance of 400 �∕�� occurs at t = 0.055 � , 
but the cascade connection of the SMC, the PI controller and 
the P&O provide a satisfactory tracking of the new MPP. 
This fact is verified by the tree-point-behavior present in the 
PV voltage as it is reported in [14].

Figure 13b shows a comparison between both the classical 
(variable frequency) and the new fixed-frequency implementa-
tions of the same SMC based on �L . The difference between 
the hysteresis bands of both implementations for t > 0.055 � , 
when the disturbance in the load voltage takes place is noted. 
Similarly, the variation in the switching frequency of the clas-
sical solution, and the fixed frequency of the new solution, 
are evident. However, the performance of both solutions in 
tracking the optimal PV voltage is the same, i.e., both solutions 

reach the same optimal PV voltage (and power) at the same 
time. Therefore, the proposed fixed-frequency implementa-
tion ensures a constant switching frequency to the PV circuit 
without degrading the power production.

Case 2: capacitor current control

The theoretical background of this second SMC was described 
in Sect. 2.3. In this case, the explicit expression for calculating 
h
(
vpv, ipv, vb

)
 is obtained by replacing (19) and (20) of �C into 

(36), obtaining (42).

(42)hC =

(
dipv

dt
−

vpv−vb

L

)
⋅

(
dipv

dt
−

vpv

L

)

Fsw ⋅

(
vpv

L
−

vpv−vb

L

)

Fig. 15   Response of the system 
PV with the SMC based on �

C

(a)

(b)
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Analyzing the term dipv
dt

 requires to derive expression (3) as 
follows:

Replacing the differential equation (2) into (43):

In [16] was demonstrated that the equilibrium point of the 
SMC is defined by 

{
ipv = iL

}
 ; moreover the derivative of 

the short-circuit current, caused by the natural change in the 
irradiance, is very small in comparison with the derivative 
of the inductor current as it is discussed in [17]. Therefore, 
approximating diSC

dt
≈ 0 does not introduce significant errors 

in the framework of the switching frequency. Under the light 
of those considerations, equation (44) ensures that dipv

dt
≈ 0 

holds, which leads to the following expression for the adap-
tive hysteresis band:

The relations within the state-space model reported in 
Sect 2.3 are illustrated in the block diagram of Fig. 14. 
Moreover, since the transversality of the SMC based on �C 
has a negative sign, the control law given in (38) is imple-
mented using the circuital scheme described in Fig. 10. In 
this case the cascade voltage controller is designed using a 
parameterized version of (22); which enables to design, by 
means of the root-locus method, the proportional controller 
given in (46) to provide a constant settling time equal to 
0.2 ��.

Figure 15a shows the simulation of the fixed-frequency 
implementation, which provides a satisfactory tracking of 
the optimal operation condition and a constant switching 
frequency of 60 ��� : the three-point behavior of the PV volt-
age ensures the P&O algorithm has detected the MPP, hence 
the PV system is producing the maximum power. Moreover, 
from t = 0.05 � the load voltage exhibits a 30 % disturbance, 
which is compensated by the adaptive hysteresis band to 
provide a constant frequency. Figure 15(b) shows a compari-
son between both fixed-frequency and variable-frequency 
implementations of the same SMC based on �C , where the 
difference in the hysteresis band under vb disturbances is 
evident. The figure also put into evidence the variable-fre-
quency operation caused by the classical implementation 

(43)
dipv

dt
=

diSC

dt
− B ⋅ A ⋅

dvpv

dt
⋅ eA⋅vpv

(44)
dipv

dt
=

diSC

dt
− B ⋅ A ⋅ eA⋅vpv

(
ipv − iL

Cin

)

(45)hC =
vpv

L ⋅ Fsw

⋅

vb − vpv

vb

(46)Gcc(s) = 0.44

due to changes in the operating point, which is not the case 
for the new fixed-frequency solution. However, both solu-
tions reach the same optimal operation condition at the same 
time, hence the proposed fixed-frequency implementation 
provides the same performance in comparison with the clas-
sical (variable-frequency) approach.

Case 3: direct PV voltage

A summary of the theoretical background of this case is 
given in Sect. 2.4, while a complete description of the equa-
tions and analyses for the SMC based on �V is available 
in [9]. In this third case, the calculation of h

(
vpv, ipv, vb

)
 

is based on (25) and (26) assuming iSC is almost constant 
within the switching period, which has a negligible impact 
as it was discussed in the previous subsection. Moreover, 
to simplify expressions (25) and (26) it is safe to assume 
an almost constant voltage reference vref provided by the 
P&O algorithm, which does not introduce significant errors 
because vref has a square-like waveform, hence it only pre-
sents changes in a very short time. Finally, it is assumed 
that the SMC imposes a correct tracking of the reference, 
hence the behavior of vpv follows the behavior of vref . Those 
assumptions are formalized as diSC

dt
= 0 and dvpv

dt
=

dvref

dt
= 0 , 

which provide the following simplified versions of (25) and 
(26):

Fig. 16   Block diagram of the SMC based on �
V
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The expression for the adaptive hysteresis hV , for this case, 
is obtained by replacing both (47) and (48) into (36):

Taking into account the positive sign of the transversality for 
this case, relations between the state-space equations given 
in Sect. 2.4, and the adaptive hysteresis (49), are illustrated 
in the block diagram of Fig. 16.

Figure 17(a) shows the simulation of the SMC based 
on �V  implemented with the proposed fixed-frequency 
technique. As in the previous cases, the implementation 
circuit provides a constant switching frequency ( 60 ��� ) 

(47)lim
𝛹→0−

d𝛹V

dt

||||u=1 = − K2 ⋅

vpv

L
> 0

(48)lim
𝛹→0+

d𝛹V

dt

||||u=1 = −
K2 ⋅ vpv − vb

L
< 0

(49)hV =
K2 ⋅ vpv ⋅ (vpv − vb)

Fsw ⋅ L ⋅ vb

even under load disturbances of 30 % and, at the same 
time, it ensures a three-point behavior in the PV voltage. 
Therefore, the PV system is driven to produce the maxi-
mum power possible. Figure 17(b) shows the comparison 
of both fixed-frequency and variable-frequency implemen-
tations, where both solutions have the same performance 
in the tracking of the optimal operation condition. Hence, 
as in the previous cases, the new implementation technique 
provides a constant switching frequency without degrading 
the power production.

Experimental validation

This section presents the experimental validation of the 
proposed implementation methodology. The proof-of-
concept prototype reported in Fig. 18 enables to validate 
the performance of the fixed-frequency implementations 
of Case 1 and Case 3. In particular, Fig. 18a describes 
the prototype setup. The selected PV panel is a BP585 

Fig. 17   Response of the system 
PV with the SMC based on �

V

(a)

(b)
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module, while the dc-link and the grid-connected inverter 
are emulated using a four quadrant electronic source/
load BOP 50-20GL from Kepco. Such a device enables 
to implement the sinusoidal voltage disturbances consid-
ered in the simulation. Moreover, a P&O MPPT algorithm 
was designed with �vpv = 1 V and Ta = 0.1 s following the 
procedure reported in [14]. The implemented surfaces �  , 
the adaptive hysteresis and the MPPT algorithm are cal-
culated using a DSP F28335 controlCARD from Texas 
Instruments and converted to analog voltages with a DAC 
MCP4822; those signals are provided to the SMC Analog 
circuit. In addition, the switching circuits of Figs. 9 and 
10 are implemented with a set of amplifiers, comparators 
and a TS555 integrated circuit as it is explained in [9]. 
The hysteresis comparators are implemented to enable the 
modification of the analog value h, which provides the 
variable-switching circuit presented in Fig. 9. Moreover, 
an amplification circuit is used to scale �  to the required 
TS555 offset. Subsequently, the binary control signal u is 
generated by the TS555, which is provided to the MOS-
FET driver A3120.

The boost dc/dc converter is implemented using a 
2218-H-RC inductor from Bourns Inc with L = 330 �H , 
two MKT1813622016 capacitors from Vishay BC with 
C = 22 �F for Cin and Cb , and two IRF540N MOSFETs 
from International Rectifier. In addition, the inductor and 
the input capacitor currents are measured using shunt-resis-
tors Rs = 5 m� and AD8210 amplifiers. Those current and 
voltage measurements are acquired by the DSP using the 
onboard ADCs. Finally, the physical setup of the experi-
mental platform is shown in Fig. 18b, where the PV module, 
the dc/dc converter, the DSP and the SMC analog circuit 
are observed.

The solution is evaluated with two experiments; the first 
one validates the proposed implementation technique with 
the positive transversality SMC based on �L (Case 1), while 
the second experiment validates the proposed implementa-
tion technique with the negative transversality SMC based 
on �V (Case 3).

In the first experiment, the SMC based on �L was pro-
gramed into the DSP. A comparison between both the vari-
able-frequency and the fixed-frequency implementations of 
the SMC is reported in Fig. 19, which is in agreement with 
the simulation results previously presented in Fig. 13. The 
experimental validation illustrates in Fig. 19a the perfor-
mance of the classical approach, which exhibits frequency 
variations when the disturbance in the load voltage occurs. 
The frequency variation is observed in the signal density of 
�  : higher density means higher frequency and viceversa. 
The switching frequency measurement provided by the 
oscilloscope in this experiment is always changing, hence it 
is not provided in the figure.

In contrast, Fig. 19b presents the validation of the fixed-
frequency implementation, which provides the three-point 
behavior of the PV voltage and a constant switching fre-
quency of 59.78 ��� , which is a 0.36 % error with respect 
to the desired switching frequency of 60 ��� . In addition, 
this experiment shows the hysteresis band is adapted to com-
pensate the load disturbances and to avoid changes in the 
switching frequency. Comparing the experimental results 
given in Fig. 19a, b it is noted that both solutions reach 
the same optimal PV voltage, hence the proposed fixed-
frequency implementation provides the same performance, 
in terms of power production, in comparison with the clas-
sical variable-frequency approach. In conclusion, the results 
of this first experiment puts into evidence the satisfactory 
performance of the proposed solution to guarantee a fixed 
switching frequency to the SMC.

The second set of experiments considers the implemen-
tation of the SMC based on �V presented in Case 3. Simi-
lar to the previous validation, the experimental platform 
was evaluated considering the comparison between both 

(a)

(b)

Fig. 18   Experimental platform
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the variable-frequency and the fixed-frequency implemen-
tations shown in Fig. 20. The variable-frequency imple-
mentation, based on a fixed hysteresis band, is evaluated 
in Fig. 20a. In that experiment the PV system is producing 
the maximum power (denoted by the three-point behavior), 

but the switching frequency is not constant when the load 
disturbances are present. Figure 20b shows the fixed-
frequency implementation, which ensures a constant 
switching frequency of 60.65 ��� , hence a 1.08 % error 
with respect to the desired switching frequency of 60 ��� , 

Fig. 19   Experimental imple-
mentations of Case 1

(a)

(b)
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without degrading the PV power production. Therefore, 
this second set of experiments shows the effectiveness of 
the proposed solution also in the implementations of SMC 
with direct regulation of the PV voltage.

Finally, the experimental results presented in this sec-
tion demonstrate the correctness of the proposed fixed-
frequency implementation for SMC applied to PV systems, 
in both positive and negative transversality cases.

Fig. 20   Experimental imple-
mentations of Case 3

(a)

(b)
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Conclusions

This paper has presented a novel implementation methodol-
ogy for sliding-mode controllers featuring constant switch-
ing frequency, which is aimed for SMC applied to photo-
voltaic systems. The proposed solution does not affect the 
performance of the SMC, hence there is no difference in the 
power produced by the PV system in comparison with the 
classical implementation based on variable frequency. Such 
a performance was validated using both detailed simulations 
and experimental measurements on a real prototype under 
different atmospheric conditions and load disturbances.

Therefore, the proposed fixed-frequency implementa-
tion methodology enables to precisely design filters for 
removing the switching noise from current and voltage 
signals, and to design the elements of the dc/dc converter 
without accounting for a worst-case scenario as in the case 
of variable frequency. However, this method is only appli-
cable to SMC based on first-order surfaces, which limits 
the control systems able to be implemented of this solu-
tion. In any case, a large amount of PV systems are based 
on first-order surfaces, as it was discussed in the paper.

Finally, the proposed methodology could be extended 
to enable the implementation of high-order surfaces, e.g., 
maximum power point tracking strategies based on non-
linear equations. Such an approach will require to extend 
the equations used to calculate the dynamic hysteresis band 
depending on each particular surface. This work is under 
development to increase the spectrum of sliding-mode con-
trollers able to be implemented with the proposed solution.
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