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Abstract—This paper presents a robust input–output
linearization controller as maximum power point tracking
(MPPT) technique in a photovoltaic (PV) buck dc–dc con-
verter with applications to dc microgrids, solar vehicles, or
stand-alone systems. Due to the control structure proposed
in this paper, the MPPT control system is able to track very
fast irradiance changes. Meanwhile, the internal stability of
the overall closed-loop system is guaranteed for different
load scenarios. A sector condition is only required for the
load current, which is satisfied for most of the current
PV applications. In turn, this condition implies the robust-
ness against oscillations in the dc bus voltage. Finally,
the MPPT control system is validated through experimental
results, where the closed-loop performance is evaluated
under abrupt irradiance and set-point changes, parametric
uncertainty, and dc bus load variations.

Index Terms—DC/DC power converter, input–output
linearization (IOL) controller, maximum power point
tracking (MPPT) technique, photovoltaic (PV) systems,
proportional–integral (PI) control.

I. INTRODUCTION

IN recent years, renewable energy sources have been an
important research topic around the world. The main objec-

tive of renewable energy technologies is to reach a substantial
percentage of the global electricity production and, in this way,
to mitigate the energy-related emissions of CO2 delivered to
the environment. Among the most promising renewable energy
sources is the photovoltaic (PV) solar energy. However, the
high initial investment is still the main obstacle that faces this
technology. In addition, to maximize the resulting revenue, the
optimal operation of the PV modules (PVMs) is required to
extract the maximum available energy. In this context, different
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Fig. 1. Characteristic curves. (Blue) I–V curve. (Green) P−V curve.

maximum power point tracking (MPPT) techniques have been
proposed in the literature. Under uniform irradiance solar con-
ditions, PVMs exhibit a power–voltage curve in which a global
maximum, known as maximum power point (MPP), can be
observed (see Fig. 1) [1]. The purpose of the MPPT techniques
is to operate the PVM in the MPP, so as to transfer the maxi-
mum power to the load. This condition is possible by adjusting
the switching pattern (duty cycle) of a dc/dc power converter
connected in cascade with the PVM, in order to regulate its
voltage or current [2], [3]. Basically, there are two different
ways to achieve this operation [4]: 1) direct methods, which are
mainly focused on the MPP searching by using (sensing) input
or output power converter signals and by adjusting directly the
duty cycle of the same converter, and 2) searching techniques in
conjunction with a closed-loop control strategy as illustrated in
Fig. 2. It is worth noting that this paper is focused on the latter
philosophy due to the robustness and disturbance rejection
capabilities inherited by a feedback scheme, at the price of a
more involved system.

Among the MPPT techniques proposed initially in the liter-
ature, the ones commonly applied are the following: 1) perturb
and observe (P&O) and 2) incremental conductance (IC) [5].
These techniques have been employed both as a direct method
or in conjunction with traditional control strategies (usually
a proportional–integral (PI) controller) [6]. The P&O direct
method consists in disturbing the duty cycle of the dc/dc power
converter, evaluating if the power in the terminals of the PVM
increases or decreases, and then defining an action for the next
step of the adjustment law. However, the problem with this
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Fig. 2. DC–DC power converter as MPPT system.

method is that the system oscillates around the MPP, and as
a consequence, some energy is wasted in this process [7]. An
evaluation of the P&O direct method and P&O+PI controller
techniques for water pumping systems was recently reported in
[8]. Meanwhile, the IC+PI controller method is based on the
fact that the first derivative of the power Ppv with respect to the
steady-state voltage Vpv of the PVM is equal to zero in the MPP
(see Fig. 1). Taking into account that Ppv = VpvIpv, then

dPpv

dVpv
= 0 ⇒ 0 =

Ipv
Vpv

+
dIpv
dVpv

(1)

where Ipv denotes the steady-state current of the PVM. As
a consequence, if the current and voltage from the PV array
are available, then an error power signal could be generated,
which is compensated by the PI controller [9]. Nonetheless, the
authors in [9] did not provide an analytical stability evaluation
of the methodology nor a strategy to tune the controller gains.
Recently, this classical approach of the PI controller with a
novel optimization technique for the control parameters was
proposed in [10].

The current PV applications, for example, dc microgrids
with battery management capability and sustainable mobility,
require a fast dynamic response under sudden irradiation drops
and load variations. Hence, novel results that consider the
dc/dc power converter dynamics have recently been reported
in [2] and [11]–[15], which are mainly focused on achieving
a better closed-loop performance than classical approaches. In
[11], MPPT was studied like a nonlinear time-varying control
problem. Global asymptotic stability of the closed-loop system
is guaranteed throughout the existence of a Lyapunov function.
The main advantage of this technique is that there is no need
to calculate periodically the MPP voltage. However, the deriva-
tives of the reference point with respect to time are required.
Thus, this method is limited by the accuracy of the numerical
time derivatives and the inherited lack of robustness. On the
other hand, in [12], a voltage-oriented Takagi–Sugeno fuzzy
controller was proposed by considering parametric uncertainty
and partial feedback of the state vector. Nonetheless, the ap-
proach results in a complex fuzzy logic controller, where, also,
the load current is assumed measurable, which increases the
implementation cost.

More recently, small-signal models have been employed for
controller design in [13]–[15]. In [13] and [14], the MPPT

problem was studied from a current-oriented perspective. In
[13], a cascade control structure is proposed by using the
sliding-mode control technique with a current-based MPPT
approach. The inner loop regulates the current flowing into the
capacitor connected at the terminals of the PVM; meanwhile,
in the outer loop, the PV voltage is compensated. An advantage
of this scheme is that the current-based MPPT cascade control
makes up for the intrinsic instability due to irradiation drops
[4]. Meanwhile, a sliding-mode controller design, as MPPT
technique, was proposed for fourth-order dc/dc power convert-
ers in [14]. In fact, a more formal analysis of the previous
results presented in [13] was given in [14]. On the other hand,
voltage- and current-oriented digital predictive controllers were
proposed in [2]. Once again, a cascade control structure was
suggested to compensate for abrupt irradiance variations. Ac-
cording to this study, the best performance is obtained when
the inductor current is employed in the inner loop, whereas
a voltage outer loop is selected. Newly, a two-level adaptive
controller was proposed in [15] in order to assign the dynamic
characteristics of the power conversion strategy as a damped
system. In this case, a ripple correlation control technique is
used for calculating the duty cycle that delivers the maximum
power to the load in steady state. Meanwhile, a model reference
adaptive control is used in the second level. Thus, departing
from [15] and the previous efforts in the field, the critical issues
to be considered in the new MPPT algorithms include system
complexity, robustness to parameter uncertainty, and dynamical
performance. Finally, the major characteristics of all the MPPT
techniques revised in this paper are summarized in Table I.

In this context, the technical contributions of the MPPT
control strategy proposed in this paper are described next.

1) The MPPT technique is based on an input–output lin-
earization (IOL) control strategy [16]. The well-known
drawback of this control strategy is the necessity of an
exact cancellation of the nonlinear dynamics in order to
obtain a good performance. For this purpose, only two as-
sumptions have been considered to obtain a robust control
system, namely: A1) The voltage reference is assumed
constant or slowly time varying (i.e., its time derivative
is zero), and A2) the dc/dc converter is operating in a
continuous-conduction mode. Furthermore, no assump-
tions about climate conditions are made, and also, no
linearized models around operating points are required.

2) The closed-loop control strategy results in a cascade
control structure, where the inductor current is used in the
inner loop; meanwhile, in the outer loop, the PV voltage
is regulated. This control structure allows to compensate
sudden irradiation drops. The proof of asymptotic sta-
bility and a criterion for tuning the controller gains are
detailed in this paper.

3) The load of the dc/dc converter is not required to be
a resistor or a constant voltage source, as it has been
considered in several works previously reported in the
literature [2], [15]. Here, a sector condition for the load
current is only assumed in order to satisfy internal stabil-
ity and rejection of load variations. This sector condition
is guaranteed in most of the current PV applications,
for example, dc microgrids with battery management



ESPINOZA-TREJO et al.: VOLTAGE-ORIENTED IOL CONTROLLER AS MPPT TECHNIQUE FOR PV SYSTEMS 3501

TABLE I
COMPARATIVE TABLE OF MPPT+CONTROL TECHNIQUES REPORTED IN THE LITERATURE (vpv AND ipv DENOTE THE INSTANTANEOUS VOLTAGE

AND CURRENT IN THE PVM, RESPECTIVELY, iL IS THE CURRENT FROM THE INDUCTOR IN THE DC/DC CONVERTER, iCpv IS THE CURRENT

FROM THE CAPACITIVE FILTER Cpv IN THE PVM, vo AND io ARE THE OUTPUT VOLTAGE AND CURRENT IN THE SAME CONVERTER,
AND vcs IS THE VOLTAGE IN THE CAPACITOR OF THE OUTPUT LC FILTER IN THE DC/DC CONVERTER)

capability [17], MPPT-distributed schemes [18], or stand-
alone applications [19].

4) Finally, the MPPT controller is experimentally validated
under abrupt irradiance drops, load variations, and
parametric uncertainty to show its robustness to these
perturbations.

II. SYSTEM MODELING

Current PV applications require different dc/dc converter
topologies. For example, a study of four different topologies of
these converters, as possible options for their cascade connec-
tion, was presented in [20]. Advantages and drawbacks of such
topologies were analyzed in detail in the same paper. Recently,
a buck converter was chosen for dc microgrids [17], distributed
MPPT schemes [18], and stand-alone applications [19]. Hence,
in this study for the design and implementation of the proposed
MPPT controller, the buck converter is considered because
of its simplicity and high efficiency [18]. Nonetheless, the
same methodology described in this paper can be extrapolated
to other dc/dc converters, such as boost, buck/boost, single-
ended primary-inductor converter (SEPIC), and Cúk, and it will
be reported in future works. In the following, the nonlinear
dynamic model of the dc/dc converter employed in the MPPT
system is presented in this section.

Fig. 3. Buck power converter as MPPT.

A. Power Converter Modeling

The power converter used in this study is presented in Fig. 3.
This system is formed by the buck converter and a capacitive
filter Cpv. The average model of the system is represented by
the following set of equations:

ẋ1 = − 1

Cpv
x2u+

1

Cpv
ipv

ẋ2 = − 1

L
x3 +

1

L
x1u

ẋ3 =
1

C
x2 −

1

C
io. (2)
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The state vector is defined by x = (x1, x2, x3)
T =

(vpv, iL, vo)
T , where vpv represents the input voltage in the

terminals of the capacitor Cpv, iL is the current of inductor L,
and vo is the voltage in the terminals of the output capacitor
C. The PV current ipv is generated by the PVM. The signal
u is the control variable that represents the duty cycle for the
switch Q1, and consequently, it has a limited operating range,
u ∈ [0, 1]. Finally, in this model, an arbitrary load has been
considered, which is characterized by its electrical properties
(vo, io) = (x3, g(x3)). In this case, a sector condition for the
function g(·) is only necessary in order to satisfy internal
stability and to reject load variations, as described in detail
through Proposition 1. Note that the mathematical model shown
in (2) presents nonlinear dynamics. Hence, conventional linear
control techniques might result in a poor MPPT performance.
Therefore, in Section III, an IOL technique with integral action
in the tracking error, plus a feedforward action on ipv, is
proposed to achieve the desired performance under sudden
irradiation drops, set-point changes, and load disturbances.

III. PROPOSED MPPT CONTROLLER

In this section, the proposed MPPT control strategy is derived
based on the model of the dc/dc converter in (2) and an IOL
technique [16]. Moreover, the proof of stability of the resulting
zero dynamics, as one of the main results in this paper, is
studied in detail in this section. Finally, a strategy to generate
the voltage reference for the control law is also described.

Even though references about IOL control have been pre-
sented in the literature of power electronics [21], [22], only
one reference about the implementation of an IOL controller
for MPPT applications has been described so far [23]. In that
work, a boost converter was employed with a current-oriented
control perspective for MPPT applications, where the control
law is dependent on the parameters of the PV array and power
circuit, in contrast to the proposal in this paper.

A. Input–Output Linearizing State Feedback Control

To address the MPPT challenges outlined in Section I, the
voltage of the PVM is chosen as output y = x1. The first
derivative of the output is given by

ẏ = − 1

Cpv
x2u+

1

Cpv
ipv. (3)

Since the control signal u appears in the first derivative, this
means that the nonlinear system presents a relative degree ρ =
1 in R

3. As a consequence, two internal states are unobservable
by the control action [16]. However, in the following, internal
stability is guaranteed for several load scenarios. Next, assum-
ing that the state x2 is available for feedback, a linearizing
control law is defined as

u = − 1

x2
· σ (4)

where σ is an auxiliary control law. Observe that the elements of
the buck converter and its switching frequency must be selected
to guarantee a continuous-conduction mode such that x2 > 0
for all time, and in this way, the control law (4) is well defined.

Thus, by substituting the control signal (4) in the first derivative
(3), the following result is obtained:

Cpvẏ = σ + ipv. (5)

To provide robustness to the MPPT strategy, the auxiliary signal
σ is constructed by a PI action with respect to the reference
error in the PVM voltage, plus a feedforward term that cancels
the input current ipv

σ = Cpvẏ
� +Kp(y

� − y) +Ki

∫
(y� − y)dt− ipv (6)

where y� denotes the voltage reference. As a result, y� will be
chosen to guarantee the MPP in the PVM. By substituting (6) in
(5), the tracking error dynamics are obtained (see Section III-C)

ë+
Kp

Cpv
ė+

Ki

Cpv
e = 0 (7)

where e = y� − y. Note that (7) satisfies the following charac-
teristic equation:

λ2 +
Kp

Cpv
λ+

Ki

Cpv
= 0. (8)

In this way, to guarantee the asymptotic convergence to the volt-
age reference y → y�, the error dynamics in (7) are assigned to
the standard second-order system

λ2 + 2ξωnλ+ ω2
n = 0 (9)

where ξ represents the damping factor and ωn is the undamped
natural frequency. Therefore, to ensure asymptotic stability, it
is enough to choose two positive gains Kp and Ki that achieve
the desired transient response. Nevertheless, Kp and Ki have
been defined such that the step response of the system behaves
like a slightly underdamped system, in order to remove transient
oscillations in the PVM voltage (x1) due to changing envi-
ronmental conditions. For this purpose, the damping factor is
chosen as ξ = (1/

√
2), and the settling time (ts) is considered

equal to ts = 10Tsw, where Tsw is the switching period [2],
[13]. Thus, the PI controller’s gains are chosen as

Kp =
4

5
Cpvfsw; Ki =

8

25
Cpvf

2
sw (10)

where fsw = 1/Tsw represents the switching frequency. Now,
by taking into account the voltage reference generation stage
described in the Section III-C, for the controller implemen-
tation, it is assumed that the voltage reference is constant or
slowly time varying, i.e., ẏ� ≈ 0. In this way, from (6), the fol-
lowing auxiliary control law σ is considered in the experimental
evaluation:

σ = Kp(y
� − y) +Ki

∫
(y� − y)dt− ipv. (11)

Hence, departing from (4) and (11), the resulting control algo-
rithm does not depend on the parameters of the dc/dc converter
nor PV array parameters. Only Kp and Ki are determined as
functions of the capacitor Cpv and frequency fsw. Nonetheless,
during the implementation, only Cpv could have a parametric
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Fig. 4. Proposed MPPT control strategy.

variation since fsw is fixed. To evaluate the robustness, in
the experimental results section, the effect on the closed-loop
dynamic response under parametric uncertainty of the capacitor
Cpv is illustrated for all the experiments. Thus, by using (4)
and (11), a voltage-oriented controller insensitive to parametric
uncertainty is obtained by this control strategy. A block diagram
of this control strategy is presented in Fig. 4. As can be
observed, the MPPT model-based technique proposed in this
paper is posed like a cascade control structure [2], with a PI
action on the tracking error e, plus a feedforward action on the
PV current ipv, which makes the MPPT control strategy useful
for several applications for which abrupt irradiance variations
are common [13]. Hence, the robustness to model parameters
and dc bus voltage variations is achieved at the price of three
measurements for control: PVM voltage and current (vpv, ipv)
and inductor current iL. In addition, the MPPT is also indepen-
dent from the rating power of the dc/dc converter that mainly
depends on the semiconductor and passive element sizing and
heat dissipation capabilities but not on the control philosophy.
Finally, the MPPT control technique proposed in this paper is
able to transfer the maximum energy to an unknown load by
ensuring internal stability, as described in the following section.

B. Zero Dynamics

In this section, one of the main contributions of this paper
is described, where the load of the dc/dc converter is extended
further from a simple resistor or constant voltage source. In this
way, an unknown load is considered. Nevertheless, internal sta-
bility for the unobservable dynamics is guaranteed for several
load conditions. With this aim, in order to characterize the zero
dynamics, the state vector x is restricted to

Z =
{
x ∈ R

3|x1 = 0
}

(12)

with u = 0, which leads to the following autonomous system
for the dc/dc converter model in (2):

ẋ2 = − 1

L
x3

ẋ3 =
1

C
x2 −

1

C
io. (13)

By assuming that the load current io is a function of the state
x3, i.e., io = g(x3), then, the zero dynamics given by

η :

{
ẋ2 = − 1

Lx3

ẋ3 = 1
Cx2 − 1

C g(x3)

Fig. 5. Sector condition for the load current io = g(x3).

are a minimum phase system, as described in the following
proposition. This result guarantees that the state variables x2

and x3 are bounded in spite of dc bus voltage variations;
meanwhile, the state variable x1 follows asymptotically its
voltage reference.

Proposition 1: The dynamical system η has the origin as a
unique and asymptotically stable equilibrium point if

g(0) = 0; x3g(x3) < 0; ∀x3 ∈ (−∞, 0) ∪ (0,∞). (14)

�
Proof of Proposition: First, by the property in (14), (0, 0)

is the only equilibrium point of η, and the following quadratic
energy function is proposed:

V (x2, x3) =
1

2
Lx2

2 +
1

2
Cx2

3. (15)

By taking its derivative along the trajectories of the system and
by using the dynamic equations of η, it is obtained that

V̇ (x2, x3) = −x3g(x3) < 0. (16)

Hence, the time derivative V̇ is negative definite ∀x3 
= 0 but
independent of x2. However, by LaSalle’s theorem [16], it can
be concluded that the dynamical system η has an asymptotically
stable equilibrium point (0, 0) because

x3 = 0 ⇒ x2 = 0.

Therefore, the system η is a minimum phase. �
Note that the assumption required for the load current io is

satisfied when the MPPT system acts as a power source, i.e., the
PVM energy is always being injected to the dc load bus, even if
the dc bus presents variations, as can be observed from Fig. 5,
which implies the robustness to oscillations in the dc voltage
bus [13] or noise signals.

C. Voltage Reference Generation

Finally, to obtain the reference voltage y�, different tech-
niques can be considered [6], [24]–[27]. Recently, some tech-
niques to mitigate the effects of partial shading are described
in [24], [28]–[30]. However, even if it could be possible to
identify the global MPP, each module cannot be operated
at its own MPP [31]. Hence, distributed MPPT schemes are
being proposed as solutions to partial shading and mismatching
conditions [4], where the buck converter is suitable for series
connection. However, the contribution of this paper is not
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directed toward a method to calculate the MPP. In fact, the
control algorithm proposed in this study is independent from
the technique used to calculate the MPP. Hence, the simplest
technique to calculate the voltage associated to the MPP is
known as fractional method [6]. This technique is adopted here
for its simplicity, which is based on the fact that the MPP
voltage is a percentage of the open-circuit voltage Voc, i.e.,

y� ≈ 0.8 Voc. (17)

Finally, note that the open-circuit voltage is periodically up-
dated in our implementation and maintained as a constant value
after each measurement.

IV. EXPERIMENTAL EVALUATION

In this section, an experimental evaluation of the voltage-
oriented IOL controller for MPPT in PV systems is carried out.
The technical contributions of this paper are highlighted through
the experimental tests. The following scenarios are considered.
T1: The performance of the proposed MPPT strategy is evalu-

ated under set-point changes and parametric uncertainty of
±10% on the input capacitance value Cpv.

T2: The performance of the proposed MPPT strategy is evalu-
ated under sudden irradiance drops and parametric uncer-
tainty of ±10% on the input capacitance value Cpv.

T3: The MPPT operation, internal stability, and disturbance
rejection in the PV voltage terminals are evaluated in spite
of low frequency disturbances present in the dc voltage bus
acting as load for the dc/dc converter.

A. Test Bench

To validate the ideas presented in this paper, the experimental
evaluations are carried out in a test bench with a nominal
PV power of 350 W. In Fig. 6(a), the experimental PV array
is illustrated. Nonetheless, only one of these PVMs has been
used in the experimental evaluation. This condition is selected
because the distributed MPPT schemes are currently considered
to mitigate the effects of partial shading. The PVM parameters
are defined in Table II, where Vm and Im denote the voltage and
current at the MPP under standard test conditions (STCs), Isc is
the short-circuit current in STC, Voc is the open-circuit voltage
in STC, and α and β are the current and voltage temperature
coefficients, respectively. For the dc/dc power converter, a buck
topology is employed in this work (see Fig. 3), which is
operating at a switching frequency of 15 kHz. The experimental
prototype is shown in Fig. 6(b), where the capacitor Cpv is
located at the input terminals of the dc/dc converter such that
the PV input voltage measurement is not influenced by the cable
path from the PVM. The control algorithm is implemented in
a DS1104 dSpace board at a sampling frequency of 60 kHz.
It should be noted that the PWM technique was implemented
outside the dSpace board with analog electronic circuits. For
performance visualization, the data acquisition of the closed-
loop signals was first carried out in the dSpace board and
then exported to Matlab for plotting. The parameters of the
power converter are Cpv = 300 μF, L = 180 μH, and C =
500 μF, which were selected in order to guarantee a continuous-
conduction mode and a minimal output power of 9 W. Also, in

Fig. 6. Test bench with a nominal PV power of 350 W. (a) PVMs
employed in the experimental results. (b) Experimental prototype of the
dc/dc power converter.

TABLE II
SET OF PARAMETERS OF THE PVM

the experimental results, a 12-V battery was selected as a load,
with a capacity of 80 Ah. The power diode D1 and the power
switch Q1 are STTH30R04W and IRFP250N, respectively.
Two LA55-P current transducers (LEM) were employed for the
measurements of the PVM and inductor currents (ipv, iL).

B. Experimental Test T1

In this test, the reference tracking performance is evaluated
by a set-point update due to a change in the MPP. Moreover,
since the parameter Cpv is a key factor for the PI controller gain
selection, the results for ±10% parametric uncertainty in the
nominal value of Cpv are also evaluated in these experiments.
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Fig. 7. Experimental test T1 for a set-point change with parametric
uncertainty of ±10% on the capacitance value Cpv. (a) Top: Voltage
in terminals of capacitor Cpv; middle 1: PV power Ppv; middle 2: PV
current; Bottom: duty cycle u. (b) Top: Inductor current x2 = iL; Bottom:
output voltage x3 = vo.

As can be seen in Fig. 7, at t = 1.0 s, there is a set-point
change from 38 to 32 V. The closed-loop dynamics are assigned
through the PI controller gains, which were selected to deliver
a slightly underdamped step response. The PI controller param-
eters are Kp = 3.6 and Ki = 21 600. For this case, the closed-
loop settling time is chosen as ts = 0.66 ms. As illustrated
in the top plot of Fig. 7(a), in all cases, the PV voltage is
well regulated in both voltage references in spite of parametric
uncertainty. Also, as a consequence of the set-point change, an

Fig. 8. Experimental test T2 for a sudden irradiance drop of approx-
imately 50% with parametric uncertainty of ±10% on the capacitance
value Cpv. (a) Top: Voltage in terminals of capacitor Cpv; middle 1: PV
power Ppv; middle 2: PV current; bottom: duty cycle u. (b) Top: Inductor
current x2 = iL; bottom: output voltage x3 = vo.

increment from 60 to 140 W in the PV power Ppv = vpvipv
is obtained, [see middle 1 plot of Fig. 7(a)], as well as an
increment in the PVM current [see middle 2 plot of Fig. 7(a)],
while the duty cycle is adjusted to compensate this condition
[see bottom plot of Fig. 7(a)]. Meanwhile, the internal dynamics
are shown in the two plots of Fig. 7(b). The output voltage
x3 is kept around the operating voltage of the battery, and
the inductor current x2 also presents a bounded operation. In
this way, internal stability and MPPT operation are observed in
these scenarios, as described by Proposition 1.

C. Experimental Test T2

In these experiments, an abrupt irradiance drop of approx-
imately 50% is considered. Such a condition is obtained by
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Fig. 9. Closed-loop response for experimental test T3 under load
variations of low frequency: (a) Voltage in terminals of capacitor Cpv,
(b) PV power Ppv, (c) inductor current iL, (d) duty cycle u, (e) output
voltage in the terminals of capacitor C, and (f) PV current.

disconnecting two panels in the parallel connection through
switch S1, as illustrated in Fig. 3 [2]. Again, ±10% of the
parametric uncertainty in the nominal capacitance value Cpv is
also taken into account during the experiments. Also, the same
PI controller parameters have been chosen. As can be seen in
the middle 1 plot of Fig. 8(a), at t = 1.0 s, there is a sudden
irradiance drop from 200 to 100 W in 400 μs, while the PVM
voltage is regulated at the MPP, i.e., y� = 0.8× Voc = 35 V
(see Table II). This abrupt change can be also seen in the PV
current as shown in the middle 2 plot of Fig. 8(a), while the
duty cycle is adjusted to compensate this condition [see the
bottom plot of Fig. 8(a)]. Hence, any underdamped responses
in the PVM voltage due to rapid changes in solar irradiance
have been completely removed. Moreover, once more, the
internal dynamics have been kept bounded, as shown in the
two plots of Fig. 8(b). Again, the output voltage x3 is kept
around the operating voltage of the battery, and the inductor
current is updated to this new condition. Thus, internal stability
and MPPT operation are also observed even under these harsh
conditions, as was expected departing from Proposition 1.

D. Experimental Test T3

Finally, the rejection of low frequency voltage variations
located into the buck converter output is illustrated through this
experiment. In this way, the PVM voltage is kept in its volt-
age reference, y� = 35 V. Once more, the ability of rejecting
sinusoidal disturbances at different frequencies affecting the
buck converter output is guaranteed by Proposition 1. Because
of that, the noise rejection capability is also satisfied by the
technique proposed in this paper. In this test, the low frequency

oscillation is intentionally induced with a transformer plus a
function generator in series with the lead–acid battery acting as
a load. The disturbance is a sinusoidal signal with a frequency
of 120 Hz and an amplitude of 1 V peak to peak [see Fig. 9(e)].
As can be seen in Fig. 9(a), the PVM voltage is regulated at
35 V in spite of the disturbance acting on the dc bus output
voltage. Thus, the PV power is kept in its maximum operating
point of 100 W all the time [see Fig. 9(b)]. As was expected, the
duty cycle is adjusted to compensate the low frequency voltage
variations, which can be observed from Fig. 9(d). Finally, note
that the state variables x2 and x3 are bounded [see Fig. 9(c) and
(e)] as expected by the result in Proposition 1.

V. FINAL REMARKS AND FUTURE WORK

In this paper, a simple and robust MPPT model-based
strategy has been proposed. The control strategy is based on
an IOL controller, which establishes a linear mapping between
the duty cycle and the PVM voltage. The resulting MPPT
controller has a cascade structure with two feedback loops,
which is able to compensate sudden irradiance drops. Only the
states x1 (voltage in the terminals of the input capacitor Cpv)
and x2 (inductor current) from the buck converter were
assumed measurable, plus the PV current ipv which acts as
a feedforward term. By assuming a sector condition for the
load current io, it was possible to demonstrate that the zero
dynamics have an asymptotically stable equilibrium point. In
turn, this condition implies the robustness against oscillations
in the dc voltage bus. The experimental results were able to
highlight the desired closed-loop performance under abrupt
irradiance and set-point changes, parametric uncertainty, and
disturbances rejection on the PVM voltage terminals. Finally,
this methodology can be extrapolated to other dc/dc converters,
and it will be reported in future works.
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