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Sampling Time Modulation of a Photovoltaic Power
Tracking Controller Based Upon Real-Time

Monitoring of Converter Dynamics
Vinay Kumar Kolakaluri , Mohammad Nair Aalam , and Vaskar Sarkar , Member, IEEE

Abstract—The maximum power point tracking (MPPT) or flex-
ible power point tracking (FPPT) of a photovoltaic (PV) array is
typically performed by using a discrete-time control system. The
sampling time of an MPPT/FPPT controller plays a crucial role in
determining its transient performance. Performing the MPPT or
FPPT control at a fixed sampling rate makes it necessary to set the
respective sampling time to a large value so as to effectively deal
with the worst case of converter transient. This, in turn, makes the
power tracking continue for an unnecessarily longer time duration.
The main objective of this article is to improve the speed of power
tracking through a dynamic adjustment of the power tracker’s
sampling time. Although the same idea was already deployed in
the literature, existing methodologies are essentially based upon
tedious offline assessments of converter dynamics using the PV
module information. In contrast, the proposed dynamic moment-
based adaptive rate sampling (D-MARS) scheme modulates the
sampling time of the power tracking controller by monitoring the
actual state of converter dynamics through a moving variance cal-
culation in real time. Detailed experimental studies are performed
to verify the benefit of the proposed D-MARS scheme over the other
sampling time modulation (STM) techniques.

Index Terms—Converter transient, moving variance, photovol-
taic (PV) system, power tracking, sampling time modulation
(STM).

NOMENCLATURE

D-MARS Dynamic moment-based adaptive rate sampling.
EOP Equilibrium operating point.
FPPT Flexible power point tracking.
GMPP Global maximum power point.
ITC Iteration time counter.
LPF Low-pass filter.
MMC Moving moment calculator.
MPP Maximum power point.
MPPT Maximum power point tracking.
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OGASE Oscillation-guided adaptive-step enumeration.
PSC Partial shading condition.
PTC Power tracking controller.
PV Photovoltaic.
SDC Stabilization duration counter.
STM Sampling time modulation.
TDC Transient duration counter.
UIC Uniform irradiance condition.
VCA Variance crossover angle.
VDP Variance drop period.

I. INTRODUCTION

D EVELOPMENT of efficient mechanisms for the power
tracking control of a PV array has a great significance to

expand the scope of deployment of PV systems for serving con-
sumer loads at different scales and in different applications. Two
different types of power tracking, namely MPPT [1], [2], [3],
[4], [5], [6] and FPPT [7], [8], [9], [10], [11], [12], [13], can be
performed for a PV system. The objective of the MPPT control
is to operate the PV array only at the MPP of its power–voltage
(P − V ) curve, whereas, the FPPT control provides users with
the flexibility to increase or decrease the PV power output as per
the exact requirement of system. Because of the nonmonotonic
nature of the P − V curve, it is usually difficult to perform
any kind of power tracking with the help of a continuous-time
controller. Therefore, the practical PV power tracking is usually
carried out by means of a system-interactive optimization via a
discrete-time control mechanism. In the case of a two-stage PV
system, the duty ratio command to the dc–dc converter is to be
optimized [14], [15], whereas, optimization of a voltage refer-
ence command is required for a single-stage PV system [16],
[17]. Out of several performance measures, the swiftness of
power tracking is very important to reduce the loss of solar
energy as well as to quickly achieve the generation-load balance
for maintaining the system stability. The speed of power tracking
becomes a more critical concern when the power tracking is to
be performed under the PSC. This is because the power tracking
under PSC should either involve an additional task of finding
the GMPP zone [18], [19], [20], [21], [22], [23], [24], [25] or
take the resort of a metaheuristic optimization algorithm [26],
[27], [28], [29], [30], [31], [32]. This may significantly lengthen
the power tracking duration. One way to improve the speed of
power tracking without hampering its steady-state performance
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Fig. 1. Illustration of converter transient and power tracking transient.

is to dynamically adjust the size of duty ratio or voltage refer-
ence perturbation from one iteration to another iteration of the
concerned system-interactive optimization. A large volume of
work is available in the literature in this line [2], [3], [4], [5].
It may also be possible to improve the speed of power tracking
by dynamically adjusting the PTC sampling time as the power
tracking iterations go along.

In a power tracking control algorithm, it is necessary to know
the position of the present EOP so as to apply the new duty
ratio/voltage reference perturbation in the correct direction. The
EOP basically refers to the steady-state PV array output for
a specific duty ratio or voltage reference command input to
the converter control system. Different types of assessment of
the EOP position are carried out by different PTC algorithms.
However, there is always a certain time delay to reach the new
EOP after making a duty ratio or voltage reference perturbation.
The same happens because of the appearance of a converter
transient while moving the PV system from one steady state to
another steady state. The converter transient phenomenon during
the power tracking of a two-stage PV system are illustrated via
Fig. 1. It can be seen that there is an exponentially decaying
monotonic or sinusoidal variation of the PV array voltage output
within the encircled spot after every step of duty ratio perturba-
tions. The respective form of PV voltage variation is essentially
caused by the dynamic nature of a converter. In the case the
PV array output quantities are sampled during the transient
phase of the converter dynamics, there may be a false detection
of the corresponding EOP position. Thus, performing power
tracking iterations at an arbitrarily high sampling rate may lead
to convergence failure in the power tracking result [33], [34],
[35]. This, in turn, makes it necessary to tune the PTC sampling
time very carefully with due considerations for the settling time
of the converter transient.

The settling time of the converter transient depends mainly
upon four factors, such as converter parameters, the postpertur-
bation EOP position on the P − V curve, the duty ratio/voltage
reference perturbation step size, and the environmental condi-
tion [34], [35], [36], [37], [38], [39]. In the traditional MPPT
or FPPT control, the power tracking iterations are carried out
at fixed sampling intervals [3], [11], [12], [13], [23], [24], [25],
[26], [27]. In such a case, the PTC sampling period needs to

be adjusted according to the worst-case scenario of converter
transients after performing studies over different possible com-
binations of all the variable factors. However, in a real operating
condition, the converter transient may settle down much faster
than the worst case scenario. As a result, fixing the PTC sampling
time in a conservative manner often adds an extra wait time
between two successive power tracking iterations, which, in
turn, prolongs the power tracking transient. In order to improve
the speed of power tracking, STM techniques were proposed
in [39], [40], [41], [42], [43]. The methodology proposed in [39]
uses two different sampling times by classifying the duty ratio
perturbation step size as large or small. On the other hand,
a linear STM rule was proposed in [40], [41], [42], [43] to
vary the PTC sampling period as a linear function of the duty
ratio perturbation step size. It is, however, to be noted that the
STM techniques proposed in [39], [40], [41], [42], and [43]
make the PTC sampling time adaptive only to the duty ratio
perturbation step size. There is still a requirement to perform
extensive offline studies of the converter dynamics for different
environmental conditions and postperturbation EOP positions
while parameterizing such static STM rules. The module param-
eters of the PV array also need to be known to formulate the STM
function.

The novel contribution of the present article lies in performing
the PTC STM with a closer observation of the real-time converter
dynamics instead of using any static rule. Thus, the STM is
automatically adapted to the postperturbation EOP position
or the environmental condition. The proposed sampling time
modulator is referred to as a D-MARS controller. Here, the STM
decision is actually taken by analyzing the statistical moments,
such as mean and variance, of high-frequency measurements
collected from the PV array. The D-MARS controller is de-
veloped to deliver the following benefits in comparison to the
existing techniques.

1) Nondependence on the PV module parameters (i.e., the
make of the PV module).

2) Easy parameter tuning
3) Improved speed of power tracking

In addition, the proposed D-MARS controller is designed in a
way so that it can be used with any PTC under both uniform
irradiance and partial shading. Specific attention is paid to
prevent too early or too late generation of the sampling pulse.
It is to be noted that such a model-free and purely dynamic
way of modulating the sampling time of a PV PTC has still
not been reported in the literature. The present work focuses
mainly on a two-stage PV system. However, the STM scheme
proposed is generic enough to be used with the power tracker of
a single-stage PV system as well.

The rest of this article is organized as follows. The block dia-
gram and control logic of the D-MARS controller are thoroughly
explained in Section II. In order to provide a visual illustration
of the STM functionality of the D-MARS controller, a brief
simulation study is performed in Section III. Experimental re-
sults are produced in Section IV to justify the benefit of the
proposed D-MARS controller over the available static sampling
time modulators for different types of power tracking. Finally,
Section V concludes this article.
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Fig. 2. Layout of the proposed D-MARS assisted PTC.

II. PROPOSED D-MARS SCHEME

The combined arrangement of D-MARS and PTCs is shown
by the block diagram in Fig. 2. The PV array voltage and current
measurements are initially processed by a LPF to suppress
unwanted ripples because of noise and other factors. The filtered
current and voltage measurements are indicated by vpv and ipv,
respectively. The D-MARS controller uses a high-frequency
sampler to collect the voltage measurement from the LPF output.
The current measurement can also be collected along with the
voltage measurement through the same high-frequency sampler.
The high-frequency voltage and current samples are then resam-
pled by a variable-frequency sampler for being used by the PTC.
Another input to the PTC is the power reference command in the
case of the FPPT. The sampling instants of the high-frequency
and variable-frequency samplers are indicated by m and n, re-
spectively. The D-MARS controller plays the role of modulating
the sampling rate of the variable-frequency sampler. The noise-
free high-frequency voltage samples obtained at the output of the
high-frequency sampler are directly used by the D-MARS con-
troller. By using the above mentioned high-frequency voltage
samples, the D-MARS controller performs a statistical moment
analysis to evaluate the state of the converter dynamics. Two
binary outputs (i.e., St and Sc) are produced by the D-MARS
controller. The variable-frequency sampler collects a new set of
samples and initiates the next power tracking iteration only after
seeing a rising edge in St. Under the normal condition, the St

signal remains low as long as the converter dynamics is in the
transient phase. The status of St should be changed to the high
value only after the converter transient subsides significantly.
There are, however, instances in which the converter transient
sustains for a very long time duration. The particular situation
typically arises if the converter transient has to be settled in a
positive slope region of the P − V curve [18], [38]. Under such
a situation, signal St is prematurely raised to the high value even
though the converter transient is still ongoing. The value of Sc

is, as well, set to one, indicating the premature generation of the
triggering pulse to the variable-frequency sampler. Signal Sc is
also passed to the PTC to be used for the horizontal position
detection of the present EOP. If Sc is zero, the normal logic is
followed to determine whether the present EOP is on the left or
right side of the power peak of a hill. Otherwise, it is directly
inferred that the power tracking trajectory is still on the left side
of the corresponding power peak. The final output of the PTC
is a duty ratio command, which is passed to the dc–dc converter
switches to take the power tracking trajectory to a new EOP.

A. Internal Block Diagram of D-MARS Controller

The internal block diagram representation of the D-MARS
controller is shown in Fig. 3. The external input to the D-MARS
controller is marked by a red circle, and its final outputs are
indicated by red squares. The main building blocks of the D-
MARS controller are a MMC, a SDC, a TDC, and an ITC. The
output of a z−1 block is the one time-step delayed value of its
input signal. On the other hand, the output of a ẑ−k block is a
vector of (k + 1) most recently collected samples including the
present one. The MMC block computes the mean (i.e., μv) and
variance (i.e., σv) of voltage samples obtained through a moving
time-window. Essentially, the most recent M samples of the PV
array voltage are used to perform the aforementioned mean and
variance calculation, where M is given by

M =
TW

T hf
s

. (1)

In (1), symbol TW stands for the moving time-window length,
and T hf

s is the sampling period of the D-MARS controller. It is
to be noted that TW should be an integer multiple of T hf

s . As the
converter transient notably subsides, the PV array voltage be-
comes almost constant; hence, its moving variance periodically
drops below a certain threshold line. It is, however, necessary to
see the persistence of the above mentioned variance drop for a
minimum time duration to make a credible inference about the
subsidence of the converter transient. Therefore, an SDC block
is employed to monitor the time period of the particular variance
drop condition. The TDC is responsible for keeping track of the
time elapsed since the last duty ratio perturbation. The necessity
of the TDC arises in order to deal with the case of prolonged
converter transient. Finally, the objective of the ITC is to count
the time since the beginning of the new power tracking iteration
after obtaining an St pulse.

There are comparator blocks in the D-MARS controller to
take certain actions based upon the counter outputs. Once
the SDC or TDC output exceeds a threshold value, the state
of the sampler trigger signal St is changed from zero to one in
the next time instant. Crossing of the TDC threshold also sets
the sampling counter flag Sc to one. The ITC output is actually
used to reset the SDC and TDC outputs after completing one
power tracking iteration. The completion of each power tracking
iteration essentially indicates the beginning of a new era of
converter transients because of introducing another duty ratio
perturbation. As the ITC output exceeds the threshold value set
for it, the reset signalRst for SDC and TDC is immediately raised
to one. The threshold values of counter outputs (i.e.,Csb,cr,Ctr,cr,
and Cpt,cr) are obtained via the following equations:

Csb,cr =
Tsb,min

T hf
s

(2)

Ctr,cr =
Ttr,max

T hf
s

(3)

Cpt,cr =
Tpti

T hf
s

. (4)

Here, Tsb,min is the lower limit on the VDP for the purpose of
indicating converter transient stabilization. The upper limit on
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Fig. 3. Internal block diagram of the D-MARS controller.

Fig. 4. Illustration of moving variance concept.

the PTC sampling time interval is indicated by Ttr,max, whereas,
Tpti is the maximum time required to complete one power
tracking iteration. The sequence of execution of different blocks
of the D-MARS controller is decided by the solid arrows in
Fig. 3.

B. Dynamics of D-MARS Building Blocks

The general functionality of different blocks of the D-MARS
controller is explained in the previous section. The present sec-
tion speaks about the specific logic that is followed to implement
each block. As the dynamics of a discrete-time system is usually
represented by means of difference equations, the same format is
employed to explain the computation of a block output at every
time instant. The initial values of all the state variables of the
D-MARS controller should be set to zero.

1) MMC: As mentioned earlier, the specific statistical mo-
ments that are of interest here are the mean and variance of PV
array voltage samples that are acquired through a sliding time-
window. The concept of the sliding time-window is illustrated
via Fig. 4. The red and black rectangular boxes indicate the
sliding window positions at mth and (m+ 1)th time instants,
respectively. The objective of using a sliding time-window is to
look only into a small segment of the voltage variation curve so
as to limit the data size as well as to avoid the interference of the
transient section in the detection of the converter steady state.
Thus, once the time-window moves to the position of the purple

rectangular box, a steady output of the PV array becomes very
apparent.

The moving mean and variance of voltage samples at the mth
time instant are given by the following equations:

μv[m] =

∑M
j=1 vpv[m−M + j]

M
(5)

σv[m] =

∑M
j=1(vpv[m−M + j]− μv[m])2

M
. (6)

It is, however, difficult to implement (5) and (6) in a micro-
controller because of its very limited computational capability.
Therefore, it is more appropriate to use the following recursive
formulae for the moving mean and variance calculation:

μv[m] = μv[m− 1] +

(
vpv[m]− vpv[m−M ]

M

)
(7)

σv[m] = σv[m− 1] +

(
vpv[m]− vpv[m−M ]

M

)
×
{(

M + 1

M

)
vpv[m]− 2μv[m]

+

(
M − 1

M

)
vpv[m−M ]

}
. (8)

Detailed derivations of (7) and (8) can be found in [44]. The
self-feedback inputs to the MMC block in Fig. 3 provide the
information of μv[m− 1] and σv[m− 1]. It is to be noted that
the use of the recursive formulae also requires the information
of the last sample (i.e., vpv[m−M ]) in the previous time win-
dow. Hence, the input vector to the MMC block is assigned to
contain (M + 1) most recent voltage samples instead of only
M samples.

2) ITC: The ITC is reset to zero after observing a rising
edge in St. Otherwise, it keeps incrementing its count by one at
every time instant. Thus, the dynamics of the ITC block can be
mathematically described as follows:

Cpt[m] = 0, if St[m] �= St[m− 1] = 1

= Cpt[m− 1] + 1, otherwise. (9)

It is also possible to saturate the ITC output to an upper limit
once it exceeds Cpt,cr.
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3) SDC: As mentioned earlier, the objective of SDC is to
compare σv with a certain threshold value. Let the threshold
value of σv be indicated by σv,cr. The following equation is
used to derive σv,cr:

σv,cr[m] = {εcrμv[m]}2 . (10)

The critical variability fraction parameter (i.e., εcr) needs to be
designed by the user. The SDC starts counting time when σv

falls below the σv,cr-line. The counting halts and the SDC output
comes back to zero if either σv again rises above the σv,cr-line
or a rising edge happens in the ITC comparator output. Thus,
the following equation governs the SDC dynamics:

Csb[m] = 0, if σv[m] > σv,cr[m]

= 0, if Rst[m] �= Rst[m− 1] = 1

= Csb[m− 1] + 1, otherwise. (11)

The output of the SDC block usually remains pulsating during
the converter transient.

4) TDC: The dynamics of the TDC block is shown through
the following equation:

Ctr[m] = 0, if Rst[m] �= Rst[m− 1] = 1

= Ctr[m− 1] + 1, otherwise. (12)

The TDC is reset to zero when a rising edge is observed in the
output of the ITC comparator. On any other occasion, the TDC
keeps counting the time instants normally. The TDC output can
also be saturated to an upper limit.

C. D-MARS Controller Parameter Design

It is necessary to find out the values of T hf
s , Tpti, εcr, Ttr,max,

TW , and Tsb,min before using the D-MARS controller for the
PTC STM. Out of these six parameters, the first two are in-
herent features of the power conversion system. Therefore,
the respective parameters are actually to be estimated instead
of being designed. The sampling period T hf

s of the D-MARS
controller essentially indicates the maximum execution time of
its one iteration. The particular value can be easily determined by
monitoring the clock time reported by the microcontroller board
at the end of each D-MARS iteration. In the same way, the value
ofTpti can be directly obtained by monitoring the execution times
of individual power tracking iterations.

Unlike T hf
s and Tpti, the other parameters are related to

the efficient functioning of the D-MARS controller. Therefore,
the particular parameters should be designed in a way so that the
STM is optimized. The D-MARS controller parameter tuning
needs the information of only the converter parameters and the
PV array ratings. As mentioned earlier, no specific details of the
constituent modules of the PV array are required. In subsequent
sections, symbols Ldc and Cpv will be used to indicate the
inductance and input capacitance, respectively, of the dc–dc
converter that interfaces the PV array with a voltage controlled
dc bus. The MPP voltage and MPP current corresponding to
the standard test condition are indicated by vmpp

pv,stc and impp
pv,stc,

respectively. The critical variability fraction (i.e., εcr) or the
upper limit on the PTC sampling interval (i.e., Ttr,max) is to be

designed separately. On the other hand, the moving window
length and the VDP lower limit (i.e., TW and Tsb,min) are to be
jointly optimized.

1) Designing εcr: In principle, the value of εcr should be as
small as possible. However, an infinitesimally small εcr value
may make the threshold variance line practically unreachable be-
cause of the presence of some residual ripples in measurements
despite low-pass filtering. In order to deal with the particular
situation, the value of εcr may be set equal to the normalized
width of the experimentally observed ripple band with respect
to the mean voltage in a steady state.

2) Designing Ttr,max: As mentioned earlier, the issue of im-
posing an upper limit on the PTC sampling interval arises
because of the prolonged power tracking transient in the positive-
slope region of the P − V curve. Thus, Ttr,max may be chosen
according to the small-signal settling time of the converter
transient at an MPP. The small-signal settling time around any
EOP, however, depends upon the incremental conductance of the
PV array at the respective EOP [35]. It can, further, be shown
that the incremental conductance of the PV array at an MPP is
always equal to the ratio of the corresponding current and voltage
with a negative sign [45]. As the MPP current decreases or the
MPP voltage increases, the associated incremental conductance
magnitude also decreases, leading to in a higher settling time
of the converter transient. By assuming UIC, the MPP voltage
exhibits very little variation with the irradiance, whereas, the
MPP current varies almost proportionally. This, in turn, makes
the MPP incremental conductance inversely proportional to the
irradiance under UIC. Therefore, the MPP under the lowest
possible uniform irradiance can be chosen as the reference MPP
to represent the worst case scenario for designingTtr,max. It is also
to be noted that the magnitude of incremental conductance at an
MPP under the PSC is usually higher than the magnitude of MPP
incremental conductance under the lowest possible uniform
irradiance. According to the settling time formula presented
in [35], [37], the expression of Ttr,max, thus, appears as follows:

Ttr,max = 6

(
Cpv

Emin

)(
vmpp

pv,stc

impp
pv,stc

)
. (13)

Here, Emin refers to the minimum irradiance (in kW/m2) under
which the PV array is expected to operate. All other symbols
have already been explained in the previous paragraph. In the
present article, the value of Emin is taken to be 0.1 kW/m2.
Factor “6” in (13) has been found by considering a 5% tolerance
band that should be sufficient to indicate the end of a small-
perturbation transient.

3) Designing TW and Tsb,min: The observation time-
window length and the VDP lower limit are designed on the
basis of a moving variance analysis of the following vertically
shifted sinusoidal function.

x = xb (1 + hpsinδ) . (14)

In (14), quantities xb and hp are independent of δ. The moving
average and variance of the above signal are evaluated in the
continuous domain for an observation window of ΔθW radian.
If the angular position of the left edge of the observation window
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Fig. 5. Illustration of VDP and VCA.

is θ, the moving average and variance of signal x can be found
as follows:

μx (θ) =
1

ΔθW

∫ θ+ΔθW

θ

xdδ (15)

σx (θ) =
1

ΔθW

∫ θ+ΔθW

θ

{x− μx (θ)}2 dδ. (16)

It is easy to perform the integrations in (15) and (16). A plot of
σx(θ) together with the plot of σx,cr(θ) as per (10) is presented
in Fig. 5. It can be seen that σx drops below σx,cr two times
within 0 ≤ θ ≤ 2π. The corresponding VDPs are enclosed by
dotted red lines in Fig. 5. The same pattern is repeated in the
subsequent periods of x. Angles θco,1, θco,2, θco,3, and θco,4 are
referred to as VCAs. The VCAs are essentially the solutions of
the following equation:

σx (θ) = {εcrμx (θ)}2 . (17)

Equation (17) involves only a single variable; therefore, its all
the solutions can be found simply by enumerating over θ with
a very small incremental step size. Each VDP is defined by a
VCA with rising variance and its preceding VCA with falling
variance. Out of the two VDPs in Fig. 5, the longer one (i.e.,
with larger angular span) is considered as the critical VDP. Let
the angular length of the critical VDP be indicated by ΔθD,cr.
The value of ΔθD,cr depends upon ΔθW and hp. However, it
can be easily proven that xb in (14) has no effect on ΔθD,cr.

In order to proceed further toward the D-MARS controller
parameter tuning, it is important to study the effects ofΔθW and
hp on the combined angular span of the observation window and
the critical VDP. The particular angular quantity is symbolized
as ΔθDW. That is

ΔθDW = ΔθD,cr +ΔθW . (18)

The variation of ΔθDW with hp for different values of ΔθW is
shown in Fig. 6(a), whereas, Fig. 6(b) shows that variation of
ΔθDW withΔθW by keeping hp as a parameter. From Fig. 6, it is
apparent that angleΔθDW is a decreasing function ofhp. In other
words, for a given length of the observation window, the critical
VDP angle either becomes smaller or remains unchanged as hp

increases. In contrast, the sensitivity of ΔθDW to ΔθW can be
both positive and negative. This, in turn, produces a minima in
each plot of Fig. 6(b).

Fig. 6. Variation of ΔθDW. (a) With respect to hp. (b) With respect to ΔθW .

The analysis performed above is relevant to the D-MARS
controller parameter design, since the converter transient fol-
lowing a duty ratio perturbation exhibits a damped sinusoidal
variation. An exponentially decaying sinusoidal function can
be approximated as a sequence of pure sinusoids with stepped
amplitude variations. Thus, signal x in (14) approximates of the
variation of the PV array voltage during each oscillation period
with the steady-state voltage being indicated by xb. Moreover,
the mean and variance calculated in the continuous domain
may be closely approximated by discrete-domain calculations
with a high sampling frequency. The value of the overshoot
fraction hp gradually declines from one time period to another
time period. The end of the converter transient can be declared
whenhp becomes sufficiently small. It may, however, be difficult
to directly determine hp in real-time. Therefore, the threshold
value of hp to mark the subsidence of the converter transient
should alternatively be modeled via a lower limit on the VDP.
For the chosen threshold value of hp, the optimal observation
window and limiting VDP lengths in angular terms are given
by the corresponding minima in 6(b). As a larger observation
window length increases the time delay to recognize a duty
ratio perturbation, and a higher VDP limit increases the delay
in concluding transient subsidence, it is appropriate to minimize
the sum of both quantities so as to make the power tracking faster.
The angular values of the observation window and the VDP limit
are to be converted into time values based upon the frequency
of the PV voltage oscillation. Since the oscillatory frequency of
the PV voltage is almost equal to the natural frequency of the
dc–dc converter, the following equations can be used to convert
an angle into the time quantity.

TW = T hf
s × round

(
θ∗W
√

LdcCpv

T hf
s

)
(19)
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Fig. 7. Schematic diagram of two-stage grid-connected PV system.

TABLE I
DC-SIDE SPECIFICATIONS OF THE TWO-STAGE PV SYSTEM

Tsb,min = θ∗D,cr

√
LdcCpv. (20)

The asterisks in superscripts indicate optimal values of corre-
sponding quantities for the chosen threshold value of hp. In the
present article, the threshold value of hp is taken as 1% or 0.01.
It is to be noted that, unlike the settling time calculation, the
percentage number used here is basically related to the final PV
array voltage rather than its incremental variation.

III. ILLUSTRATION OF THE STM WITH THE PROPOSED

D-MARS CONTROLLER

In order to clearly explain the working of the proposed D-
MARS assisted power tracking control, a simulation study is per-
formed on a two-stage grid-connected PV system. The schematic
diagram of the PV system considered is shown in Fig. 7. The
dc-side plant and controller parameter data is provided in the
Table I. The PV array is assumed to be operating under partial
shading, and a simulation for power tracking under the same
condition is performed. TheP − V curve under the given partial
shading scenario is shown in Fig. 8. The D-MARS controller is
deployed along with the MPPT controller proposed in [27]. The
simulation results for the PV array voltage, moving variance of
the PV array voltage, D-MARS trigger signal, and the dc–dc con-
verter duty-ratio are shown in Fig. 9. The variable sampling time
is visible from different time durations of the steps in the duty
ratio waveform. When a duty-ratio perturbation is applied, the
moving variance of the PV array voltage increases sharply. As
the converter transient comes to an end, the particular variance
value decreases almost to zero. This can be observed in Fig. 9. As
the moving variance continuously remains at a very low value,
the SDC block of the D-MARS controller releases a sampling
pulse triggering the next power tracking iteration. There are,
however, some instances at which the moving variance of the

Fig. 8. P − V curve used for the demonstration of the proposed D-MARS
functionality.

Fig. 9. Simulation results for the D-MARS assisted MPPT control under PSC.

PV array voltage falls below σv,cr, but rises again within a short
while. One such instance can be observed inside the dashed black
rectangular box marked on each subplot of Fig. 9. A zoomed
view of this particular scenario (i.e., from 1.695 s to 1.73 s)
is shown in Fig. 10. From Fig. 10, it is clearly visible that, at
t = 1.7235 s, the moving variance of PV array voltage shows a
momentary dip below σv,cr. Although SDC was started, it could
not complete the count; hence no sampling trigger is generated.
Again, the moving variance of PV array voltage falls below σv,cr

at t = 1.7265 s and continues to be below σv,cr till t = 1.7274 s.
As the moving variance of PV array voltage remains lower than
σv,cr for more than 0.88 ms (i.e.,Tsb,min), signalSt becomes high
owing to the SDC.

In the case of a prolonged converter transient during the power
tracking process, the moving variance of PV array voltage fails
to remain below σv,cr for a sufficient duration. The dashed red
rectangular box indicates one such instance in Fig. 9. A zoomed
view of this particular time window (i.e., from 4.19 s to 4.52 s)
is shown in Fig. 11. From Fig. 11, it can be observed that
the moving variance of PV array voltage from t = 4.2026 s
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Fig. 10. Zoomed view of dashed black rectangular box of Fig. 9.

Fig. 11. Zoomed view of dashed red rectangular box of Fig. 9.

to t = 4.5026 s never stays below the σv,cr line continuously
for 0.88 ms. As a consequence, the SDC could not trigger
the sampling pulse. Thus, the maximum wait time (i.e., 0.3 s)
permitted by the TDC is hit or violated. This, in turn, causes
TDC to fire the sampling pulse at t = 4.5026 s.

Fig. 12. Photograph of the experimental setup.

TABLE II
STM RULES FOR THE APPLICATION OF EXISTING VARIABLE SAMPLING TIME

SCHEMES

IV. EXPERIMENTAL VERIFICATION

An experimental study is performed to show the practi-
cal implementability of the proposed D-MARS approach for
performing the MPPT/FPPT control. The usefulness of the
D-MARS scheme is also verified by comparing its perfor-
mance with the performance of existing STM techniques. The
main power tracking is performed by using the MPPT/FPPT
control algorithms available in the literature, but results are
produced by varying the sampling time in different ways. In
the experimental setup, the voltage controlled dc-link capaci-
tor is represented by means of a simple dc voltage source so
as to avoid the complexity of grid synchronization. A pho-
tograph of the experimental setup is shown in Fig. 12. An
AMETEK-ETS600X solar PV emulator is used to mimic the
characteristics of the PV array under various environmental
conditions. The PV array voltage and current are measured
by using LEM voltage (LV 25-P) and current (LA 25-P)
sensors. An Arduino Uno microcontroller board is used for the
real-time implementation of the variable sampling time power
tracking control. The LPF is implemented in another Arduino
Uno microcontroller board. The LPF output is transferred to the
power tracking control system in the other microcontroller board
by means of the I2C communication. The same PV array and
D-MARS controller of Table I are used once again. The STM
rules followed for the implementation of existing approaches
are summarized in Table II. Here, ΔD indicates the duty ratio
perturbation step size. The static STM parameter values reported
in Table II seem to significantly differ from the respective values
in original papers. There are two reasons behind having this
difference.
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Fig. 13. P − V curves for different power tracking control studies by hardware experimentation. (a) MPPT and FPPT control under UIC. (b) MPPT control
under PSC. (c) FPPT control under PSC.

Fig. 14. Experimental results for the MPPT control under UIC. (a) Fixed sampling time approach. (b) Variable sampling time approach proposed in [39].
(c) Variable sampling time approach proposed in [40], [41], [42]. (d) D-MARS scheme.

1) The test system used in the present article is different from
the earlier test systems.

2) In order to successfully deploy the existing STM method-
ologies in the case studies of the present paper, the asso-
ciated parameters had to be tuned in a more conservative
manner by considering a larger set of environmental con-
ditions and postperturbation EOP positions.

Apart from using variable sampling time, results are also pro-
duced for the classical fixed sampling time approach. In the case
of the fixed rate sampling, the sampling time is set to 300 ms
as per the worst case scenario of the variable sampling time
approach of [39]. The different P − V curves used to perform
the experimental studies are shown in Fig. 13. Four different
cases are studied considering both the UIC and partial shading.
In each case, the PV array remains in the open circuited condition
for some time until the microcontroller is turned ON and pulses
are applied to the converter switches. After the system starts
running and the steady state for the initial operating condition is

attained, a new power tracking round is triggered by changing
the operating condition itself. Both the start-up and run-time
transients are shown in the results. The PV array voltage, current,
and power waveforms are captured in the oscilloscope. These
are indicated by the green, blue, and red curves, respectively, in
different plots.

A. Case 1: MPPT Control Under Uniform Irradiance

In this case, the PV array is initially exposed to an irradiance
of 0.5 kW/m2. Subsequently, the irradiance value is increased to
1 kW/m2 in a stepped manner. The correspondingP − V curves
are shown in Fig. 13(a). The OGASE controller proposed in [11]
is used to perform the power tracking. Although the OGASE
controller was originally devised to perform FPPT, it can as
well be configured as an MPPT controller by setting the power
reference command to a very high value. Results for this case
with different sampling time modulators are presented in Fig. 14.
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Fig. 15. Experimental results for the MPPT control under PSC. (a) Fixed sampling time approach. (b) Variable sampling time approach proposed in [39].
(c) Variable sampling time approach proposed in [40], [41], [42]. (d) D-MARS scheme.

B. Case 2: MPPT Control Under Partial Shading

The MPPT control under PSC is carried out by using the
adaptive velocity particle swarm optimization algorithm pro-
posed in [27]. The P − V curves used for this particular study
are shown in Fig. 13(b). Initially, the PTC tracks the MPP on the
blue-colored P − V curve in Fig. 13(b). Later, the P − V curve
is changed to the black-colored one with a lower global peak.
The experimental results for this case are produced in Fig. 15.

C. Case 3: FPPT Control Under Uniform Irradiance

The FPPT control under UIC is performed by using the same
OGASE controller as was used in Case 1. To test the FPPT
operation, the irradiance pattern is kept constant, but the power
reference command is varied. Initially, the power reference
command is set to 100 W and, then, reduced to 70 W. TheP − V
curve depicted with black color in Fig. 13(a) is used to perform
the experiment for this test scenario. Fig. 16 presents the results
obtained for this particular case.

D. Case 4: FPPT Control Under Partial Shading

In order to perform the FPPT control under the PSC, the
multimodality processing adapter proposed in [23] is used along
with the OGASE controller. The P − V curve used in this case
is shown in Fig. 13(c). For the sake of simplicity in exploring
the GMPP zone, only two peaks are considered on the P − V
curve. The power reference command is initially set to 30 W.
Later, the same is increased to 60 W. Experimental results for
the FPPT control under PSC are shown in Fig. 17.

E. Discussion

In order to compare the performances of different PTC STM
schemes, the power tracking time for each EOP transition is
monitored. The power tracking transient period during an EOP
transition is enclosed by a couple of dashed black parallel
lines in each oscilloscope plot. The ripples observed outside
this particular window basically correspond to the measurement
noise. In order to obtain the precise value of the power tracking
time, an extra timer is kept inside the PTC code. The particular
timer starts counting the time when a new power tracking round
begins. After the power tracking converges to the target EOP,
the timer count stops, and time counted is transferred to the host
computer by the microcontroller via its serial port. A side-by-
side comparison of the power tracking time requirements with
different PTC sampling time schemes is presented in Table III.
The benefit of using variable sampling time is apparent from the
table. Among the existing methods, the linear STM scheme pro-
posed in [40], [41], [42] outperforms the discrete STM scheme
of [39] in all the cases. This is because the former makes a
more precise consideration of both the P − V characteristics of
the PV array and the converter parameters. However, the linear
STM parameters are not tuned to deal with each environmental
condition separately. Instead, the tuning of the linear STM
parameters is usually performed by considering the worst case
scenario of the environmental condition. On the other hand, the
D-MARS controller always responds according to the prevailing
environmental condition, since it directly monitors the converter
transient in real time. This automatically makes the D-MARS
response adaptive to the environmental condition, resulting in
faster power tracking. In addition, coefficients of the linear STM
equation are obtained by studying only the UICs. Therefore, the
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Fig. 16. Experimental results for the FPPT control under UIC. (a) Fixed sampling time approach. (b) Variable sampling time approach proposed in [39].
(c) Variable sampling time approach proposed in [40], [41], [42]. (d) D-MARS scheme.

Fig. 17. Experimental results for the FPPT control under PSC. (a) Fixed sampling time approach. (b) Variable sampling time approach proposed in [39].
(c) Variable sampling time approach proposed in [40], [41], [42]. (d) D-MARS scheme.

TABLE III
POWER TRACKING TIME COMPARISON AMONG DIFFERENT PTC STM SCHEMES
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performance of the linear STM is quite affected by the PSC. As
can be observed in Table III, the MPPT takes 4.38 s and 3.54 s
less time to converge during the start-up and run-time transitions,
respectively, if the linear STM is replaced with D-MARS. The
particular improvement is around 2.4 s in the case of the FPPT
during the run-time transition. The amount of improvement with
respect to the previous best time is also highest for the D-MARS
controller in most of the cases. The performance of the D-MARS
controller might have, yet, been somewhat deteriorated because
of the hardware and measurement noises, as the physical MPPT
under the PSC takes 1.6 s more time than the simulation during
the start-up transition. This, in turn, indicates the possibility of
further improving the performance of the D-MARS controller
by using high precision sensors and properly designed printed
circuit boards.

V. CONCLUSION

A novel D-MARS scheme has been proposed for the STM of
the power tracking control so as to improve the overall speed of
power tracking. The PTC sampling interval has been varied in
accordance with the time that the converter needs to reach the
steady-state after a duty ratio perturbation. However, unlike the
existing approaches of studying the converter transient offline,
the proposed STM has been performed by observing the actual
converter transient during real-time power tracking. The steady
state of the converter dynamics, following a duty-ratio perturba-
tion, has been recognized by computing the moving variance of
the PV array voltage samples collected through a high frequency
sampler. A separate treatment has been made for the prolonged
converter transient in the positive-slope region of the P − V
curve. Simple mathematical procedures have been established
to tune the D-MARS controller parameters irrespective of the
operating condition or the PV module product used to make the
PV array. The proposed D-MARS scheme has been implemented
in hardware and used with different sweeping and metaheuristic
optimization-based MPPT and FPPT control techniques avail-
able in the literature. Results have proven the usefulness of
the D-MARS controller to make the power tracking faster in
comparison to other STM schemes. A prominent improvement
in the power tracking speed has been observed in every case.
The improvement was, in fact, very significant during the power
tracking under partial shading.
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