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ABSTRACT Solar power generation has become a solution to mitigate the severe effects on the everyday
higher prices of fossil fuels. Additionally, renewable energies operation -as solar- results in a non-polluting
way to supply energy, being of special interest into highly contaminated cities and/or countries. The solar
energy efficiency injection system is known to be high and mainly due to the power converters effectiveness,
which is over of 95% for low and medium voltage. However, this efficiency is reduced when the solar array is
partially shaded because traditional maximum power point tracking (MPPT) algorithms are not able to find
the maximum power point (MPP) under irregular radiation. This work presents a new algorithm to find the
global MPP (GMPP) based upon two MPPTs algorithms used regularly in uniform solar condition (USC),
these are the Measuring Cell (MC) and the Perturb and Observe (P&O) methods. The MC ensures to find the
surroundings of every local MPP (LMPP) faster and then choose among them the surroundings of the GMPP.
Once the surroundings of GMPP are found, the P&O is used to get closer to the GMPP but reducing the DC
voltage oscillation to zero hence overcoming the main issue of the P&O. Thus, the proposed algorithm finds
the GMPP in two main steps and eliminates the oscillations around the GMPP in steady state, despite the
utilization of the P&O. The algorithm is detailed mathematically, illustrated by means of a block diagram,
and validated in simulated and experimental results.

INDEX TERMS DC-AC power converter, GMPPT, MPPT, PV system, partial shading algorithm.

I. INTRODUCTION

The introduction of renewables energies (REs) has brought a
possibility to release the fossil fuel dependance and reduce
the pollution of traditional power sources. Particularly, pho-
tovoltaic (PV) solar energy is positioned as one of the most
prominent ways to supply energy. In fact, PV is expected to
cover 25% (8500 GW) of the world’s electricity needs by
2050, representing a 21% (4.9 Gt CO») of carbon emissions
reduction [1]. The PV are connected into the grid through
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a power converter, in charge of the maximum power point
tracking (MPPT) algorithm, while the solar system can work
in different weather conditions i.e. different radiation and
temperature [2]. In order to operate effectively under variable
weather conditions, while harvesting the maximum possible
power at any time, a suitable maximum power point tracking
(MPPT) algorithm must be included to operate the power
converter in the maximum power point (MPP) and, therefore,
improve the system total efficiency [3]. On the other hand,
some installations are under the possibility to be partially
shaded and the main problem associated to this issue is
the pop up of more than one local MPP (LMPP) [4], [5],
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FIGURE 1. Curve P-V under uniform solar condition (USC) and
non-uniform solar condition (NUSC) for PV array.

leading to traditional MPPT algorithms to miss the global
MPP (GMPP). The MPPT algorithms can be divided into
two broad categories: i) MPPT algorithms for ideal sys-
tems or without shading, i.e., under uniform solar condition
(USC) [6] and ii) MPPT algorithms for systems under par-
tial shading, i.e., non-uniform solar condition (NUSC), also
named partial shading condition (PSC) [7], [8]. FIGURE 1
illustrates that USC causes a single MPP, while PSC or NUSC
may cause multiple LMPP.

The most widely used conventional algorithms are the
perturb and observe (P&O), and incremental conductance
(INC) [3]. In addition, there are some other algorithms
derived from the P&O and INC for USC, where the power
p(k) is compared with previous power p(k — 1) to later
decide to increase or decrease the voltage-step to reach the
MPP by employing an AC-DC [9] or DC-DC [10] converter.
All of these algorithms do not guarantee to find the GMPP
for systems under PSC [3]. Indeed, these algorithms must
be modified or a more complex algorithm such as those
presented in [4], [11], [12], [13], [14], [15], [16], and [17]
must be implemented to obtain the GMPP. One of the ways
to obtain the GMPP for systems under PSC is to perform
a sweep (scan) of the power-voltage (P-V) curve to deter-
mine the GMPP [16], [18]. On the other hand, [5] presents
a review of ten different hybrid algorithms to obtain the
GMPP, some of them are based on conventional algorithms
such as P&O and INC, others are based on more complex
algorithms such as gray wolf optimization (GWO), particle
swarm optimization (PSO), artificial neural network (ANN),
among others. Each algorithm has advantages and disadvan-
tages, such as efficiency and tracking time (scan period). For
example, in [17] the authors present a “‘hybrid global MPPT
(GMPPT)” based on hill climbing (HC) and artificial bee
colony (ABC) algorithms, they also use a boost converter,
a battery, and an inverter to obtain the simulation results
showing an efficiency close to 99%, and tracking time of
0.26s and 1.3s for USC and PSC, respectively. In [16] the
authors present a ‘‘high-speed MPPT module” algorithm,
they also use a boost converter to obtain simulation results,
this algorithm has an efficiency of 99.98%, tracking time of
0.022s and 0.034s for USC and PSC, respectively.

On the other hand, in [19], [20], and [21] the MPPT
is obtained through an algorithm that does not use the
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P-V curve to determine the next step. This algorithm is
based on the equations that model a photovoltaic cell, so it
uses two measurement cells, one in short-circuit (SC) to
obtain the current is, and another in open-circuit (OC) to
obtain the voltage v,., to compute the internal variables and
therefore estimate the MPP. However, these algorithms were
not designed for PSC, but they are faster than conventional
algorithms (P&O and INC), which is of particular interest to
improve the efficiency.

After obtaining the MPPT or GMPPT, to be able to make
use of the solar PV energy, it is necessary to use a DC-AC
power converter (inverter) to inject the power into the elec-
trical grid. There are different topologies, but one of the
most widely used is the three-phase voltage source converter
(VSC), because of its simplicity of implementation and con-
trol [2], [22], [23], [24], [25]. Typically, in a PV system there
are two ways to implement the power injection (i) including
a DC-DC converter and the DC-AC inverter, which may
pump up (or down) the voltage from the PV system to the
DC-link, if necessary, and (if) use a simpler scheme, including
the DC-link and the DC-AC inverter, for connecting it to
the grid. Despite the first one gives more versatile to both
amplify or reduce the voltage from the solar system value,
it adds more losses because of the additional stage. On the
other hand, the second option is employed in larger power
systems where the PV array is designed in order to be man-
aged directly by the inverter [2], [3]. In fact, [2] states that
power levels over 50 MW should use single a stage DC-AC
inverter, instead, if the power level is below 50 kW, states to
include the DC-DC stage, and between the abovementioned
values states that can be either and must be studied case by
case.

This paper proposes a novel GMPPT algorithm based
on the measurement cells (MC) algorithm, [19], [20], [21],
and the P&O. The proposal is separated in two main steps.
The first step is to find all the LMPP surroundings by using
the fast dynamic MC algorithm and decide which one has the
maximum power, given as a result the one which is closer to
the GMPP. Then, in the second step, the P&O approximates
the voltage to reach the MPP. The P&O is slightly modified
in order to find the GMPP but avoiding the oscillation around
the GMPP, as it usually does. Once the P&O algorithm detects
that is close to the GMPP, it starts to reduce the voltage-step
down to zero, avoiding the undesirable steady state effects of
the voltage oscillation. Thus, the DC link voltage reference is
given in order to get the MPP independent if the solar array
is under USC or NUSC. It is important to highlight that this
algorithm holds the advantages of each algorithm, as the fast
dynamic of the MC and the robustness of the P&O. Once the
algorithm finds the GMPP, the power is constantly computed
and if sees an important variation, the GMPPT starts all over
again. Thus, in steady state the proposed GMPPT guarantees
a non-oscillating voltage and therefore the currents and volt-
age THD are not affected by this issue.

The currents of the power converter are controlled by a
nonlinear law and the DC link voltage loop is based on the
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FIGURE 3. PV array to simulate.

actual power, allowing to only use a standard Proportional-
Integral (PI) controller. The whole system is tested under
different weather conditions (different temperature and irra-
diance) by means of simulated and experimental ways. The
results corroborate the control strategy performance and key
waveforms to show details of the total behavior are given.

Il. PARAMETERS AND PV SYSTEM MODEL
The proposed system, FIGURE 2, contains measurement
cells to obtain the GMPPT, a PV array, and a Three-Phase
VSC to inject energy into the grid.

The solar array, FIGURE 3, is composed of three series
strings of 20 PV panels each string (and two measure-
ment cells). This configuration is chosen to simulate the
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FIGURE 4. Equivalent circuit of solar cell.

“RISEN RSM60-6-265P” (RSM265) panel which contains
60 cells in series. The parameters of the solar array are listed
in TABLE 1.

A. SOLAR CELL MODEL

A PV array is a set of cells organized in series and parallel
that can be represented with a circuit model as illustrated
in FIGURE 4. The solar cell is modeled by a current source,
which represents the solar irradiance; one diode, represent-
ing the p-n semiconductor junction; two resistances, one in
parallel to the diode and other in series with the load, which
represent the solar module internal losses. The cell’s mathe-
matical model is obtained by applying Kirchhoff’s laws, and
it can be found that:

ey
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TABLE 1. Parameters solar system.

Parameters Value
Power max 15.9 [kW]
Open Circuit Voltage max 2280 [V]
PV Array Short Circuit Current max 9.12 [A]
Strings 3
Panels by strings 20
Cells by panel 60
Power max pupp 265 [W]
PV Panel Open Circuit Voltage v 38 [V]
RISEN Short Circuit Current i 9.12[A]
RSM265 Maximum Power Voltage vypp 30.9 [V]
Maximum Power Current iypp 8.58 [A]
Series Resistance R, 0.0079 [Q]
Shunt Resistance Ry, 1000 [Q]
PV Cell Sl}ort Circuit Current isc0 at USC 3.8[A]
(Simulation) Diode Saturation Current iy 1.12:10%[A]
Band Energy E, 1.12 [eV]
Ideality Factor n 1.2
Ref. Temperature 7, 298 [K]

where i is the current obtained from PV cell, i, represents
the current due to the solar irradiance, iy is associated to the
Ry, power losses (diode losses), and iy represents the diode
intrinsic current, and is expressed in the form of the Shockley
diode equation:

, . qvd
ig = o (exp (ﬁ) — 1) , 2)
with,
ip :Diode saturation inverse current.
vq : Diode voltage.
k : Boltzmann constant (1.381 - 10~23 [J/K]).
T  : Absolute temperature in Kelvin [K].
n  : Diode ideality factor.
q : Electron charge (1.6 - 10~-19[1C)).

Replacing (2) in (1),
i=@h—m(mp(%%)—l)—mm. 3)
On the other hand, the current igy, and the diode voltage
v4 can be rewritten as igs;, = Vg /R, and vy = v+ iR, where
R; is the series resistance representing the conducting power
losses. Therefore, the output current cell is:

.. . (v + iRy) v+ iR
’:”’h"“(e"p(ans)‘l)‘ Ry @
S

B. MODEL AND CONVERTER CONTROL

To inject the energy from a solar system into the grid, it is
necessary to use a power inverter. In this case, a Three-Phase
VSC, as shown in FIGURE 2, is used. The equations that
model the converter are as follows:

sabc

ngc — Rigbc + Ldls + vzbc
dt
dvg . de
Cac dl‘c = ldc — lzhv (5)
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d .
where for the average model ngc = Guemgvye (Gge is the

modulation gain and m;jq the modulating signals) represents
the injected voltage by the VSC, i%¢ is the injected current,
ngc is the grid voltage, which is considered as a disturbance
for control purposes, vq. is the DC-link voltage, iy is the solar
PV current, iffc is the DC side current of the power converter,
and Cy, R, L are the power converter filter parameters.

The power converter control can be separated into 1) power
control and 2) current control. Note that despite a two-levels
inverter is used, the proposal can be extended to any topology,
updating only the current control with the new switching pat-
tern according to the topology to track the current reference.

1) POWER CONTROL
The power control can be divided into i) the energy stored by
the DC-link capacitor (associated to the power pcgc), ii) the
power provided by the solar array (pg.), and iii) the inductive
filter power losses (prr) [26].

The energy stored or supplied by the capacitor is associated
with the power as:

1 da)

= —Cyge————. 6
pede = 5Cae— (6)

The power provided by the solar array:
DPde = Vdc * lde> @)

where pg. = pp, represents the DC power is supplied by the
solar array, vg. = vpy is the solar array PV voltage, and iy, =
ipy is the solar array PV current.

The power losses at the AC RL filter are defined as:

d
ig?

2
pr = i8] R ®)

Thus, the total power delivered into the grid follows the
relation:

P = pac — PRL — PCdes 9

where pzef represents the active power reference to be injected

into the grid.
From (9) it can be seen that the only controllable power
iS pcac, therefore, a PI Anti-Windup controller is used to
regulate this power and, thus, avoid the cumulated error that
a PI controller has if the system is saturated. Also, the DC
voltage reference is given by the MPPT algorithm (v;e'cf =
v}VIPP) which is to be followed by the DC-link voltage control,
where v},pp is explained in section IV. The discrete transfer
function of the PI control used is:
ki’dc + k;dcz—l

v, .
hpf (2) = k™ T

1—z (10

being the power to track the DC-link voltage reference as:

pcactk) = peactk — 1)kl [k e (k) +ky* e" (k — 1)],
(11)

where €"“(k) = (Vy;pp(k))? — (vac(k))?, k% is the DC

voltage control loop gain, kfd" and k;dc are defined as a
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function of the sampling time (7) and integrative time (Tin")

as:
T T
Vae 5 Vde s
kld = (l-i—w),kzd = <—1+Ti‘%>. (12)

However, to mitigate the over-integration problems when
the controller output is saturated, [27], [28], [29], the PI
integrative part must be set to zero, i.e., I = 1/Tl.Vdc =0, and
therefore klv‘l" =1 and k;d" =—1.

As the active power is already defined, the reactive power
(gs) can be set as a function of the desired power factor (pf)
as follow:

gs = tan(0)p}¥ = tan(£cos ™' (pf Hpi¢ (13)

N s

where pf = cos(6) represents the power factor. Thus, the total
amount of power is defined as:

qu = ps +J4s, (14)
and the currents references are settled to be:

i = p Ve, (15)

47 = —g Ve (16)

2) CURRENT CONTROL
The current control is based on the power converter model,
defined in (5), and solving for digq/dt:

a1 R, . W
d_; = ZGacm?Vdc - Zchi + wif — ZS’ (a7)
o R ¢
ﬁ =~ Guemitvae = 71l — it = Vz (18)

where w is grid angular frequency.

The exact linearization method uses the state variable
model to find a nonlinear law that permits a linear behavior
between a new input and the output variable. Thus, two new
inputs are defined, u? and w9, in order to control the two
outputs if and i, This method is detailed in [30] and [31]
showing that not only linearizes the input/output system but
also decouples the states variables (currents) in the entire
operating region. In addition, this method results simple and
easy to implement on digital boards with low computational
cost.

The power converter equations are employed in the defi-
nition of the nonlinear feedback law, where two new input
variables, u? and u? , are defined to get a linear relationship
between u? and derivate of igq, such that:

d _ ﬁ ul = ﬁ
dr’ dr’
Thus, the modulating signals (m;"f) to get a linear behavior

can be found from the model in (17)-(18) and the new inputs
u? and u4 as:

(19)

1
mé = Fem (Lud + R — Loit + vff) , (20)
acVdc
md — (Luq +Ri? + Loi® + vgf) L@
GucVae

VOLUME 10, 2022

Once the nonlinear feedback is defined, the current if and
il can be controlled independently, considering no coupling
between them and no interaction with disturbances as the
grid voltage, the solar power variation, among others [32].
To track the current reference, it is recommended to include
a PI controller to mitigate the effects of minors errors in the
nonlinear feedback of (20) and (21) such as deviation on the
parameters, as stated in [30], and non-modeled dynamics,
where the PI defines the new input u® as:

wlt() = uli(k — 1)+ Kl [kt k) + bk = 1], 22)

where e (k) = iZ?*’ef (k)— igq(k), with kés the current control
loop gain, and k;* and k5’ are defined in function of the
sampling time (7) and the current integrative time (Ti” ):

ko= (14 2 b= &
=1 =2) B=(-1v=2). @)
27! 2T

IlIl. MPPT WITH UNIFORM SOLAR CONDITION

The solar PV system depends on the temperature and irra-
diance, in addition, the PV cells show a nonlinear behavior
as seen in FIGURE 1. There are a great variety of MPPT
algorithms, all of these keep the system at the MPP, the most
employed algorithms are the P&O and INC algorithm [3], [5],
but there are several variations of these algorithms. One
additional algorithm has been introduced based on measure-
ment cells [19], [21]. However, these algorithms have been
reported to be used in USC only, since they are not able to
find the GMPP for PSC.

A. MEASUREMENT CELLS ALGORITHM

The MC algorithm is a strategy based on the PV cell math-
ematical model and on the tracking the MPP employing two
measuring PV cells: one single cell in open circuit, to supply
the actual open circuit voltage (v,); and the second cell in
short circuit, to supply the short circuit current (isx.). If no
single cell is available, a whole solar panel can be employed
to find v, and is., as mentioned in the experimental results
(section V.B). The above in combination with an integra-
tive (I) control strategy for a fast estimation of the MPP
voltage (vypp) is presented in the following.

1) OPEN CIRCUIT AND SHORT CIRCUIT ANALYSIS
Analyzing the cell PV (FIGURE 4) in open circuit, and
assuming Ry — O, this entails v = v,. = vy, leaving the
current as:

iph = 1q + iRsh, (24)
where iggn = Voc/Rsn, and ip; = ige considering the cell PV
in short circuit, the equation (24) remains:

. . Voc

lge =1 —, 25

sc d+ Ry, ( )
solving for iy, considering (2) and vy = v,, the equation (25)
remains:

ig =i, (exp (ZZOTC) - 1) = ige — %;, (26)
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then, from (26), and applying properties to solve for v,
is obtained:

nkT (iSC Voe
= n . .
q io o Rg
Finally, assuming that the parallel resistance is much
greater than zero, Ry, > 0, getting that v,./(ioRs,) — O,
so the estimation of v, (,¢1) in function of temperature (T')
and short circuit current (is.), is defined as:

b = Ly <l— + 1) . (28)
q 10

On the other hand, the diode saturation inverse current

should not be taken as a constant value and this nonlinearity

must be included in the variable’s estimation, where this

current can be expressed as a function of the temperature as:

(T 3 qE; (1 1 29)
= exp | —= ——1).
N1y ) P T, T T

+ 1> : Q27)

where I is the diode saturation current of each solar cell at
the reference temperature T.f; Tyer is the temperature under
the standard test conditions; and Ej is the band energy of each
solar cell, in eV.

2) MAXIMUM POWER POINT ANALYSIS

FIGURE 1 shows the power as a function of the voltage,
where the MPP is located where the derivative of the delivered
power is equal to zero, moreover, the power is determined as
p = v - i, therefore the derivative of the power concerning the
voltage is:

=0, (30)

solving to find the MPP voltage (vypp), it is found:

i

VMPP = — 7 — , (31)

ol =

v =vmpp

where the partial derivate of (4) is:
0i ing v+ iR 1
— =———¢ _ ), 32
av|izier  nkT P (q kT ) Ry Y
v =vmpp

replacing (4) in (31), and considering i), = is the vypp is:

: 'RS i S
se — o (exp (—q(:};} )) - 1) - —V;;hR-

VMPP = — : ; >
__ g ex v+lR-Y — L . .
nkT SXP\ 4 i R i=iypp
v =vypp
(33)

Solving for (33) and considering Ry, > 0 the voltage vypp
can be found as:

nkT Ise
VMPP = e In{-—+

nkT q
1)]——1In (VMPP_ + 1)
10 q

nkT
—impPRs  (34)
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considering (28) in (34) is obtained:

N nkT q .
vmMpp = Vocl — —— In (VMPP_ + 1) —iyppRs,  (35)
q nkT
Finally, the open circuit voltage, analyzing the MPP can be
defined alternatively in function of T, vypp, and iypp as:

R nkT q )
Vo2 = vypp + —— In| vypp—— + 1) +iyppRs;. (36)
q nkT

3) MAXIMUM POWER POINT TRACKING

The measurement cells algorithm is based on the cell math-
ematical model, employing the sensed values from an open
circuit cell (the voltage v,.) and a short-circuited cell (the
short circuit current iz ). Then, employing (28) and (36) the
MPP voltage (vppp) is estimated.

The temperature has a strong influence on the open circuit
voltage v, as it can be seen from (28). In addition, despite
that (28) shows a nonlinear relationship, in the expected
range of temperature, the behavior in FIGURE 5 (a) is closed
to linear, moreover, the relationship between the estimation
of voe and T is inversely proportional. On the other hand,
analyzing (36), it is also found a linear and direct relationship
between v, and vypp, as illustrated in FIGURE 5 (b).

Behavior Equation (28)
0.65 0.65

0.6 0.6 /
& 055 \ 055

05 L 0.5 ®)

Behavior Equation (36)

1V]

2[V]

V,

20 40 60 80 04 045 0.5
Temperature [°C] vurp [V]

FIGURE 5. Open circuit voltage behavior. (a) as a function of
temperature-dependent, (b) as a function of maximum power point
voltage.

On the other hand, it is required to solve these equa-
tions ((28) and (36)) to estimate the vyspp and T, thus, these
values are determined from two Integrative (I) controllers.
The first I-controller is set to estimate the T required in (28)
that results from the sensed value of v, and its estimated v,
as follows:

Thky=Tk - 1)+

L [el(k)—l-el(k— 1)] (37)
27} ’
where el (k) is the error between sensed value of v, and its
estimated V,c; from (28), and Ti] is the controller negative
gain integrative time -due to the inversely proportional behav-
ior of this relationship FIGURE 5 (a)-.

The second I-controller is used to determine the vypp
from (36), that results from the estimated value V.,

as follows:

vaapp () = vagpp(k — 1) + —2 [P0 +ek -], 69
272 ’

1

where e2(k) is the error between sensed v, and its estimated
Voc2 from (36) and Ti2 is the controller gain integrative time.
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The implementation of both controllers is illustrated in
FIGURE 6, where the temperature and the vypp are part of
the control loops. Moreover, the measuring cells provide the
actual values of the current iz and the actual voltage v,
required by this estimator to find the vypp, considering all
nonlinearities of the solar cell. This algorithm performs the
MPPT without oscillations in comparison with other algo-
rithms [3], [21], [34]. On the other hand, the current iyspp is
equal to the iz, measurement of the system (when the system
is in the MPP, iy. = iyppp)

vV

e w T ) ﬂm[’inj
i r q L)

Voc >-

- i Out to Power N Civpp
Control Ty v

nkT' . .
q nkT

FIGURE 6. Block diagram of measurement cells MPPT.

Curve P-V

k)4
plk— 8" k)
! i b,
3 : Av or Avyy,
v(k-2) ¥ P&O

Op/ov < 0

INC

Power [W]

P&O with variable
step Ympp

Voltage[V]

FIGURE 7. Behavior conventional algorithms: P&O uses fixed Av, P&O
with variable step uses Avp,;, and Avmax, and INC uses tangent of the
curve.

Therefore, as a result, this algorithm gives the MPP volt-
age, which is the main objective, and also, the semiconductor
junction temperature (required to find the MPP), which is not
easy to measure, and it does not correspond to the weather
temperature.

B. CONVENTIONAL ALGORITHMS

The conventional MPPT algorithms most used are the P&O
and INC, as well as their derivations [3], [5]. These algo-
rithms are very similar and based in the DC-link capacitor
voltage modification (increasing or decreasing it). The P&O
algorithm uses the actual power p(k) to compare if it is greater
or lesser than the previous power p(k — 1), likewise, the actual
and previous voltage are analyzed, to decide if either increase
or decrease this voltage named Av. The INC algorithm uses
the curve slope (curve tangent) to decide whether to increase
or decrease the voltage, if the slope is positive, the voltage is
increased, otherwise, the voltage is decreased, but if the slope
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is zero, the voltage is kept constant. An improvement on the
P&O algorithm is to vary the step Av length, this algorithm is
named P&O of variable step (P&O-VS), defining an Avy,qyx
depending how far the algorithm is from the MPP, and there-
fore, after being close to the MPP the step is decreased to
Avpin to also decrease the oscillations around this point. The
progression of each MPPT is illustrated in FIGURE 7.

C. COMPARISON MPPT ALGORITHMS WITH USC
FIGURE 8 presents a comparison of these techniques
(P&O, P&O-VS, INC, MC) tracking the MPP in an array
of 34 PV panels, with a power around 6kW for 700W/m?
and 25°C. The temperature was reduced from 25 to 20°C
at 0.1[s]. Simulations of the conventional MPPT algorithms
are performed considering Av = 5V. In FIGURE 8 (a) the
MPPT of each algorithm is observed, where the MC algo-
rithm (pceyis) 1s the fastest, reaching the MPP in about 30ms,
whereas the conventional algorithms have a tracking time
of about 62ms, however, the conventional algorithms can
be faster, increasing voltage variation (Av), but, this will
cause a greater oscillation on the voltage reference because
v:lecf = vypp, as presented in FIGURE 8 (b). On the other
hand, the MC based algorithm has no oscillations in the MPP,
also the energy between 0.1s — 0.25s is 36.554kWs for the
MC algorithm, and of 36.545kWs for the other algorithms.
The comparison was made considering the whole system
shown in FIGURE 2, which includes the MPPT, converter
DC-AC, inductive filter and grid source, and a sampling time
Ty = 100us for the MPPT algorithms.

Comparison of MPPT Algorithms

= 6090[ 1
5
5 ()
£ 6080 8
— Puax=—Peells = Prao = PH&0 — pie
6070 : :
0.1 0.15 0.2 0.25
Time [s]
Comparison Voltage Reference
1030 T =
= 1020
2
2 1010
2
1000 , . » » —
— v eans — vl pso v peors —val ' we
990 — ' '
0.1 0.15 0.2 0.25
Time [s]

FIGURE 8. Comparison MPPT’s Algorithms for uniform solar condition
(USC). (a) MPP (power) comparison, (b) voltage variation comparison.

IV. PROPOSED MPPT WITH PARTIAL SHADING
CONDITION

In this section, the proposed algorithm for PV systems with
Partial Shading Condition (PSC) is presented. The proposed
algorithm is composed by a combination of two previous
algorithm: the MC and P&O with variable step (P&O-VS),
extended to find the global MPP (GMPP). The MC is used
to rapidly determine the voltage in the GMPP neighborhood,
and the P&O to get the closest to the GMPP.
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The MC algorithm estimates the vyspp from the measuring
cells, independent of the PV array shade, since the vypp
determined by this algorithm depends on the irradiance and
temperature on the cells. Ideally, the measurement cells are
expected to be in an unshaded location to obtain the vyspp,
in case of shading, the vypp determined will be incorrect,
so the modified P&O-VS algorithm finds the correct vyspp,
as it will be explained later. It is possible to use only two
measurement cells for all strings or two measurement cells
for each string; in the first case, the v, and iy measured by
the cells are considered to determine the vyspp, in the second
case, the v, and is of each pair of measurement cells are
analyzed and the highest v, and iy is selected to determine
the vypp.

As explained before (FIGURE 6), in the MC algorithm
the first controller estimates the temperature, and the sec-
ond controller determines the vy;pp. These measurements are
obtained only from a single PV cell; therefore, this value must
be amplified by considering the number of cells in the PV
array. For example, in a PV array of 20 panels, where each
panel contains 60 cells (TABLE 1), the final MPP voltage is
Vigpp = 60 x 20 x vypp, and this voltage is applied to the
entire array, and therefore every string, panel or cell may have
different voltages among them. This result can be generalized
according to (39).

Viurp = Ne - Np - vupp, (39)

where V;VIP p is the final MPP voltage, N, is the number of cells
contained in the PV panel, and N, is the number of panels in
series in the PV array.

—
8002 String
[W/m?] 1 Curve P-V
Go'lN” GMPP
— H LMPP
E LMPP /.\/
560 String } 5 H
2 2 = H
[W/m?] 60-N, 3
| ~
VNst VNs2 VNs3
320 | swing
ey [ } Voltage [V]
60-Np

]

FIGURE 9. Example of PV system divided by string.

However, a large PV array can be divided in strings, as pre-
sented in FIGURE 9, so the equation (39) is rewritten as:

V;VIPP =N, 'Np Ny - viypp (40)

where Nj is the number of strings of the large-scale PV array.

Without losing generality, it is considered a partial shading
relationship as presented in FIGURE 9, with three strings
of 60 PV panels each one, with an irradiance of 800W/m2,
560W/m?, and 320W/m? respectively, all of them with a
temperature of 25°C, it is obtained a P-V curve with three
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FIGURE 10. Proposed partial shading algorithm.

peaks (LMPP-GMPP-LMPP). The MPP will be always asso-
ciated to one of these peaks and, therefore, the VZ/VIPP can
be determined considering any of the N, possibilities, i.e.:
N = 3, Ny = 2, or Ny = 1, leading to choose the voltages:
VNs3, VNs2, OF V1. In the case of FIGURE 9, the GMPP is
around Ny = 2 (vny2). Hence, the MC algorithm rapidly finds
the surroundings of the MPP, testing Ny = 3, 2, 1, and saving
the power at each to the tests (pypp..32,1 = V}WPP_S,ZJ “1ge),
finally to secure the MPP or GMPP a modified P&O-VS
algorithm is used.

The proposed algorithm is presented in the block diagram
of FIGURE 10. After the vyspp is determined by the MC algo-
rithm, it determines the V;VIPP’ with the N; value associated
to the greater power by testing with Ny = Np,...,3,2, 1,
where N7 is the total number of strings. Once the Ny values
tests are finished, the P&O takes place to proximate more to
the global MPP (GMPP). This P&O algorithm is modified to
a variable step (modified P&O-VS). The variable step goes
from a given Av till reach zero by means of Av = Av — v,
avoiding oscillations around the MPP in steady state.

FIGURE 11 presents the diagram of the modified P&O-
VS algorithm, this algorithm uses a new variable v/(k), which
is in charge to save only the variations of Av with the initial
value given by v/(0) = 0, independent of the actual voltage
v4c(k) contaminated by noise, because v(k+1) = vg.(k)£Av.
The voltage variation Av depends on AMin and is updated
each time the algorithm oscillates around the MPP until a
Av = 0 is obtained, as explained below.

When V' (k) = v/(k—2) indicates the MPP voltage reference
has returned to its initial path and therefore is presumably
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Sensed i¢(k) ana Vac(k)
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FIGURE 11. Proposed perturb and observe with variable step modified
algorithm to eliminate oscillation (P&0-VS modified).

close to the MPP. To avoid the noise effect on this algorithm,
if v/(k) = V/(k — 2) occurs three times it is said the MPP is
close and then Av is decreased for a better approximation to
the MPP by summing —év to AMin (AMin = AMin — §v),
for this case AMax = 20V and AMin = 10V. When the
value of Av is low (Av = §v) the value of §v is decreased
to v = 0.1. When AMin < 0, the value of Av is forced to
be zero, finding the GMPPT. The values AMax, AMin, §v
depend on the PV system, it is recommended to define the
values such that AMax is around 1% of the system voltage,
AMin is half of AMax, and év is 10% of AMax.

Once the GMPP is found, the proposed algorithm will stay
in that point until it detects variations on the power. In other
words, the algorithm wakes up when there is a change in
power, which is analyzed by the variation of power given
by |ppv(k) — ppy(k — 1)| > &, where the proposed partial
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shading algorithm is activated and searches for the new MPP,
otherwise, if |ppy (k) — ppy(k — 1)| < ¢ only the modified
P&O-VS algorithm is activated, saving tracking time by using
only part of the proposed algorithm, FIGURE 10.

V. RESULTS

To show the proposed algorithm performance, simulations
and experimental tests are performed. The simulations are
obtained from the software PSIM 9.1, using switching-based
model.

A. SIMULATED RESULTS

Four cases are studied, considering an array of three strings,
as shown in FIGURE 9, one case contemplates USC and the
three other cases PSC, i.e., with and without partial shading
respectively, as presented in FIGURE 12. The details for
every case are shown in TABLE 2, highlighting the irradiance
values, the power and voltage at the GMPP, and the tempera-
ture is kept constant to 20°C for all cases.

TABLE 2. Parameters of the study cases.

Case 1 Case 2 Case 3 Case 4
String 1 700 700 700 700
[W/m?] [W/m?] [W/m?] [W/m?]
String 2 700 420 420 70
[W/m?] [W/m?] [W/m?] [W/m?]
String 3 700 420 210 70
[W/m?] [W/m?] [W/m?] [W/m?]
Pempp 10754 [W] 6831 [W] 4687 [W] 3585 [W]
VGMPP 1804 [V] 1870 [V] 1270 [V] 601 [V]

For the solar array illustrated in FIGURE 9, the GMPP
voltage can be found around vy,3, Vg2, OF vys1 (Ny = 3, 2,
or 1), where the conditions to find the GMPP in around these
voltages are listed in TABLE 2 and illustrated in FIGURE 12.
Thus, if the system can reach the GMPP independent of three
possible locations it may be, the algorithm can work in any
climate condition. All four cases are detailed bellow:

Case 1: there is only one MPP, since the system is without
shading.

Case 2: there are two points of maximum power
(LMPP-GMPP), where two of the three strings have the same
level of partial shading, with an irradiance gain of 0.6 for
strings 2 and 3.

Case 3: there are three local maximum points (LMPP-
GMPP-LMPP), where strings 2 and 3 have a gain of 0.6 and
0.3, respectively.

Case 4: the three strings are almost entirely shadowed, get-
ting two points of maximum power (GMPP-LMPP), where
string 2 and 3 have a gain of 0.1.

The simulation parameters of the PV system are presented
in TABLE 3, an array of 60 PV panels divided into three
strings in series is used, obtaining the results presented in
FIGURE 13 and FIGURE 14. All controllers run in the same
script, where the sampling frequency is f; = 10kHz.

FIGURE 13 shows a simulation where the systems
go through all cases: case 1, between 0-0.8s; case 2,

97489



IEEE Access

R. H. Morales et al.: Novel Global MPPT Method Based on Measurement Cells

Curve P-V

PV Array Output Power [kW]

0 500 1000 1500 2000 2500
PV Array Output Voltage [V]

FIGURE 12. Curve P-V of the study cases.

TABLE 3. Simulation parameters.

Parameters Value
Number Panels in Serie N, 20
Number String in Serie N, 3
PV Array Number String in Paralel N,, 1
Maximum Power in USC pypp-array 15.9 [kW]
Maximum Voltage in USC Vipp.array 1854 [V]
GMPPT Integrative Time for v,.; T} -5.25-107
Algorithm Integrative Time for v,.» T} 2.766-10*
DC-link Capacitor C,. 1 [mF]
Resistance Filter R 0.5 [Q]
Inductor Filter L 0.7 [mH]
Source Voltage RMS vy™¢ 220 [V]
Converter Source Frequency f 50 [Hz]
Parameters Switching Frequency fi, 10.5 [kHz]
Vdc
Pl e ke 0.0635
T;ve 0.0158
PLis" ke 1269
) T 0.0016

between 0.8-1.5s; case 3, between 1.5-2.2s; and case 4,
between 2.2-2.8s. FIGURE 13 (a) shows the power behavior,
obtaining the GMPP for all cases indicated in FIGURE 12.
FIGURE 13 (b) shows the reference voltage from the pro-
posed algorithm, this voltage will be explained in depth in
FIGURE 14. FIGURE 13 (c) shows the variation voltage Av
used in the modified P&O-VS algorithm, where Av starts
from 10V decreasing at steps of 2V down to Ay = 2V,
from this point forward the decrement will be 0.1V until
reaching zero, which indicates that the MPP or GMPP was
found. FIGURE 13 (d) variations of N of the proposed partial
shading algorithm are presented, where each of the values is
tested at the beginning, also when there is a change in power
PV, the variation begins with the maximum number of strings
(Ny = 3) and ends in one (N; = 1). It is observed as for the
case 1 and 2 N; = 3 represents the GMPP, for the case 3
N; = 2 is associated with the GMPP, and in case 4 Ny = 1 is
associated to the GMPP, which is applied in (40) to determine

re;

the voltage (v dcf ) to work in the PV system. The tracking time
for the cases analyzed is approximately 0.6s.
In FIGURE 14, a zoom of FIGURE 13-Case 1 on the

proposed algorithm behavior is presented, also the injection
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FIGURE 13. Simulated results for study cases. (a) Global maximum power
point tracking (GMPPT), (b) PV array DC voltage vy;ppr (v4c). (c) Voltage
variation P&0-VS modified algorithm Av, (d) String number test Ns.
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FIGURE 14. DC and AC behavior. (a) Global maximum power point
tracking (GMPPT) from 0 to 0.6s, (b) PV Array DC voltage vy;ppr (Vg4c)
from 0 to 0.6s, (c) Active and reactive power from 0 to 0.6s, (d) AC current
from 0.39 to 0.45s, (e) Voltage Source v¢ vs current source i from

0.39 to 0.45s.

to the grid. FIGURE 14 (a), (b) show the behavior of the pro-
posed algorithm, where in FIGURE 14 (b) between 0-0.04s
the MC algorithm gives the initial voltage, then the proposed
partial shading algorithm is enabled between 0.04-0.36s test-
ing the values of Ny (Ny = 3, 2, 1), and finally, between
0.424-0.535s the proposed modified P&O-VS algorithm
is enabled to get closer to the GMPP, and therefore, the
final adjust given by the P&O-VS only takes 0.111s.
FIGURE 14 (c) shows how the active power (p;) and reac-
tive power (gs) follow their reference determined from the
voltage control loop and the power factor (pf = 1). Fur-
thermore, the power is limited to +20kW and therefore an
anti-windup algorithm is required to avoid over-integration.
FIGURE 14 (d) shows the three phase AC currents
under PSC. In FIGURE 14 (e) the voltage v¢ and current i
can be seen with a phase-shift equal to zero degrees, tracking
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Step TABLE 4. Experimental parameters.
Parameters Value
Power max purp 10 [W]
Open Circuit Voltage voc 21.6 [V]
PV Panel Short Circuit Current iy 0.61 [A]
= 10 g —— I N Maximum Power Voltage vurr 17.8 [V]
E — Maximum Power Current iypp 0.56 [A]
5 5r g DC-link Capacitor Cae 2.35 [mF]
E o) I Resistance Filter R 0.5[Q]
0 Converter Inductor Filter L 12 [mH]
Step - Ramp Parameters Source Voltage RMS vy** 13[V]
o 10 e e ' Source Frequency f 50 [Hz]
—E s \'\ / L _________ - ] Switching Frequency fiw ~9.25 [kHz]
8 o
§ 0 ©  Povpe P

=

0.5 1 1.5 2 2.5
Time [s]

FIGURE 15. Maximum power point tracking at different irradiance
variations. (a) Step, (b) Ramp, (c) Step-Ramp.

its reference of unitary power factor. Thus, from FIGURE 14
the algorithm proposed can be seen in detail.

Finally, to check the robustness of the algorithm,
FIGURE 15 shows the behavior of the algorithm under
step, ramp, and step-ramp variations of the irradiance. For
all cases the changes were made equally to each string.
In FIGURE 15 (a) a step change is made from 700W/m?
to 420W/m? and then back to the initial value, obtain-
ing the maximum power using the proposed algorithm.
In FIGURE 15 (b) a ramp change is performed progressively
from 700W/m? down to 520W/m? approximately, in this
case it is observed that since the power variation is small
(Ippv(k) — ppy(k — 1)] < ¢€) only the P&O Modified
Algorithm is used, without entering the stage of testing the Ny,
which in this case is not necessary. FIGURE 15 (c) presents a
combination of the previous cases under step change at 0.9s
and a ramp change at 1.8s, it is observed that since the power
variation is large (4kW) the algorithm tests the Ns, and then,
before the ramp changes, only the P&O Modified Algorithm
is used.

B. EXPERIMENTAL RESULTS

The Experimental results are obtained using a PV array
of 5 panels in series with bypass diode, a voltage source
inverter, a RL filter, a resistive load, a Programmable
Source CSW5550 from California Instruments, and the
TMS320F28335 DSC based board, as shown in FIGURE 16
the resistive load is used since the programable source is
not regenerative and the power due to the solar array needs
to be consumed. The experimental parameters are listed
in TABLE 4.

To validate the proposed algorithm, it is necessary the
measurement of v, and i, of the solar cell, to obtain these
measurements there are two possibilities:

i) online, measuring at all times the v, and iy, parameters,
which leads to a more accurate vypp.

i) off-line, in case of not having two PV cells from the
same manufacturer of the PV array, measure only once the
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FIGURE 16. Experimental configuration for testing the proposal algorithm.
(a) Oscilloscope, (b) Voltage source inverter - Inductor — Sensors -
Conditioning circuit - DSC, (c) Resistive load, (d) PV array, (e) Laptop for
programming the DSC, (f) Three phase AC programming source.

Voe and is. parameters from a PV panel of the array may lead
to obtaining a not so accurate vyspp but, thanks to the modified
P&O-VS algorithm, the GMPP is correctly obtained.

Therefore, the off-line method is used to obtain the values
of vy and iz from one panel of the PV array containing
36 cells. The results showed v, = 20.16V/36 = 0.56V
and i, = 0.484A at the time of experimentation, where
the ambient temperature was about 20°C and the irradiance
was 750 [W/m?2]. The latter value is determined using the i,
value and the expression,

Spy = &isc. 41)
IscO
where Sy = 1000 [W/m?] is the standard intensity of the
irradiancy, I;0 = 0.61A is the short circuit current of the
solar cell at the standard conditions, and i, is the short circuit
current measured.

The experimental results are shown in FIGURE 17,
FIGURE 18, and FIGURE 19 for a PSC system. The param-
eters of the modified P&O-VS are: AMax = 2, AMin = 1,
v = 0.1. FIGURE 17 shows the results considering only
one solar panel shaded, so Ny must change from 3 to 2.
The power ppy, voltage v, and the current iy are shown in
FIGURE 17 (a), where it is observed as v;. changes based on
the N values (N; = 3, 2, 1), finding the global voltage in the
maximum power point (vgypp) With Ny = 2 (vgypp =~ 65V).
Once N is chosen, then it is enabled the modified P&O-VS
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FIGURE 17. Experimental results oscilloscope, shaded a single PV panel,
change Ns = 3 to Ns = 2. (a) DC variables: power ppy, voltage v4., and
current igc, (b) Zoom when panel is shaded, DC and AC variables,

(c) Zoom when the proposed partial shading algorithm is enabled, DC and
AC variables.
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FIGURE 18. Experimental result from CCS. (a) Reference voltage v(’,'e__f .

(b) Voltage v, (c) String number test Ns, (d) Voltage variation P&0-VS
modified algorithm Av.

algorithm, to get closer to the GMPP. FIGURE 17 (b) shows
the moment when one of the PV panels is shaded, the voltage
is maintained (v4c = 83V) but the current drops to OA,
as well as the PV power (ppy = 0), causing a power
variation which would enable the partial shading algorithm,
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FIGURE 19. Experimental results for different types of partial shading.
Obtaining: (Q) Ns=2toNs=1,(b)Ns=1toNs=3,(c) Ns=1toNs =2,
(d) Ns =2 to Ns = 3.

increasing the power when the voltage v, decreases as shown
in FIGURE 17 (c). Additionally, it can be seen a unitary
power factor at the AC side.

FIGURE 18 presents the results in the software Code
Composer Studio (CCS). Particularly, FIGURE 18 (a) shows
the voltage vfg reference, FIGURE 18 (b) shows the
actual vy voltage, allowing to see the voltage dynamic,
FIGURE 18 (c) highlights the moment when the partial shad-
ing algorithm is enabled, changing N, from 3 to 1, obtaining
the GMPP for Ny = 2. Then, once the partial shading algo-
rithm is finished, the modified P&O-VS is enabled, decreas-
ing the voltage variation Av, as follows in FIGURE 18 (d).

Finally, the FIGURE 19 presents the different tests of the
PV system with partial shading, changing Ny = 2to Ny = 1 in
FIGURE 19 (a), Ny = 1 to Ny, = 3 in FIGURE 19 (b),
Ny = 1to Ny = 2 in FIGURE 19 (¢), and Ny, = 2 to
N; = 3 in FIGURE 19 (d). Nevertheless, in FIGURE 19 (c)
and FIGURE 19 (d), the voltage variations are made only
with modified P&O-VS algorithm, without using the partial
shading algorithm, since, |p(k) — p(k — 1)| < & (the power
variation is low), only the modified P&O-VS algorithm is
used to find the vgupp.

VI. CONCLUSION

It is proposed to employ a three-phase VSC with a nonlinear
based control strategy for the supply currents and a linear PI
controller for the DC-link voltage to inject the power into the
grid from a PV system. The PVs could be exposed to partial
shading and the GMPPT is obtained using a combination of
two algorithms, the MC and the P&O. The combination of
these two algorithms allows to rapidly find the surrounding
of the MPP by the MC method, and then, the modified P&O
method is employed to improve the approximation to the
GMPP. The modified P&O algorithm reduces its voltage step
as it gets closer to the MPP; therefore, it reduces the oscil-
lations around the MPP, thus, reducing the DC-link voltage
reference noise and consequently the current reference noise.
The MPPT algorithm wakes up only when the power changes
its values from the steady state one, leading to supply a steady
power to grid. The proposed MPPT is tested under several
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circumstances, proving that under extreme simulated and
realistic experimental tests can reach the GMPP by employ-
ing the proposed strategy.
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