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Abstract: This paper proposes a maximum power point tracking (MPPT) method with partial shading (PS) detection based on
modified Pl incremental conductance (IC) for photovoltaic inverters. To accurately trigger the algorithm, a PS detecting approach
based on voltage deviation is derived through the comparison of voltage and current characteristics under uniform and non-
uniform insolation. To track the global maximum power point (GMPP) precisely and fast, a global search scheme considering
appropriate voltage reference, search direction and termination criteria is presented. The modified Pl-based IC method is
implemented in the local search process. In order to verify the effectiveness of the algorithm, the proposed method is utilised in
the two-stage grid-connected photovoltaic inverters built in MATLAB/Simulink. The performance of the scheme is compared with
the traditional IC method under step-changing and gradual-changing insolation and various temperature. In all simulation cases,
the proposed approach can identify the PS with multiple local maxima, accurately trigger the global search process and track
the GMPP. The search periods are around 0.1-0.2 s, and the efficiencies of PV generation under steady state are normally

above 99.5%. The presented method can improve the efficiency of distributed and centralised PV system.

1 Introduction

In a PV system, key factors affecting the system yield include PV
module harvest, PV array topology, MPPT method, and conversion
efficiency. Among these factors, MPPT is one critical component
of any PV system because it is the most economical way to
increase the overall PV system productivity [1, 2].

The voltage output of a PV module is normally <100 V and
lower than the inverter input requirement in most PV systems. So
PV modules must be connected serially to form a higher voltage
output. However, because of the non-linear characteristics of /-
relation, multiple power peaks appear in the P—V curve when the
entire PV array connected to the same inverter does not receive
homogeneous insolation, which makes the tracking more
complicated [3]. The conventional algorithms, such as perturb &
observe (P&O) [4-6] and incremental conductance (IC) [7, 8], lack
of the ability to track the GMPP. Consequently, it is critical to
develop MPPT techniques adaptable for non-uniform insolation.

Over the last decade, a large amount of researches have been
reported to address the problem caused by partial shading (PS)
effect by new MPPT approaches [9, 10]. These approaches mainly
include three groups, namely modified conventional methods [11—
14], soft computing based techniques [15-22], and PV array
topology-based techniques [23, 24]. The PV array topology-based
techniques arouse less interest than the other two. The main reason
is the increasing cost of devices and insufficient voltage output for
large-scale systems. The other two groups attract immense interest
in PV research communities.

One critical process of the modified conventional MPPT
methods and soft computing-based GMPP techniques is the
initialisation process. This process is used to activate the global
search process or the soft computing-based techniques to track the
GMPP when the insolation, temperature, and loads change.
Common references for the initialisation process include PV
voltage, current, and power. According to the carried out
researches, there are four main kinds of initialisation processes.
The first one is initialisation by PV power variation and time [11,
20, 25], and it cannot distinguish PS and uniform insolation. The
second one is initialisation by PV current and time [21, 26], and it
cannot distinguish PS and uniform insolation either. The third one
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is initialisation by PV power and current [27], and it depends on
PV array and has a PS detection ability and can distinguish PS and
uniform insolation. The fourth one is initialisation by PV voltage
and current [12, 28], and it depends on PV array and some can
succeed in PS detection [29].

This paper presents a modified PI-IC MPPT scheme with a PS
detection process, consisting of a global and local search process
for the PV array under PS and uniform isolation. The local search
process utilises a variable step size PI-IC method. The global
search process employs a more precise variable step size PI-IC
method with a PV system-dependent searching scheme. The
remainder of this paper is organised as follows. Section 2 provides
the model of a PV array, critical observations under PS and the
MPPT scheme with PS detection base on modified PI-IC method.
Section 3 provides simulation results and discussion to validate the
proposed approach under variation of insolation and temperature.
Finally, Section 4 concludes the paper.

2 Methodology
2.1 Model of A PV module

For an ideal PV module, the /-V relation can be described by the
following equation.

_ _ @Vina + InaRe maNKT _ 1\ _ Vind + ImaRs md
Imd—Iphmd Ismde
’ ’ Rsh, md

(M

where I,,q and V4 are the terminal current and voltage of the PV
module, Ipma is the photocurrent, [ 4 is the diode equivalent
reverse saturation current, Ry 4 is the series resistance, Ry, mq 1S the
shunt resistance, # is the diode equivalent ideality factor, N is the
number of cells in a module, 7 is module temperature in Kelvin, &
is Boltzmann constant (1.38 x 10723 J/K), and ¢ is the elementary
charge (1.6 x 10719 Q).

In a silicon PV module, solar cells are serially connected. If
some solar cells are partially shaded, the output of the module
drops according to the shaded cell's current limitation. Therefore,
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Fig. 1 Dpical structure of a PV array
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Fig. 2 Partial shading in a PV array with eight modules in strings
(a) Non-uniform insolation in strings, (b) Non-uniform insolation in groups

to eliminate the PS influence, a PV module is integrated two or
three bypass diodes, each diode for 18 or 24 solar cells.

2.2 Model of a PV array

Fig. 1 shows a typical structure of a PV array. Classically, PV
modules are connected in strings to meet the input requirement of
inverters. Furthermore, strings are usually connected in parallel to
reduce cost and improve system productivity in high-capacity and
high-voltage applications. Due to the parallel construction, the
mismatch in output voltage leads to the load pattern of some
modules and significant reduction of PV array output power.
Therefore, each string is integrated with a blocking diode to
prevent reverse current.

As of the PV module characteristic, when the module has non-
uniform insolation, multiple maxima of the P—V curve appear. For
a PV array, the maximum number of local maxima is equal to the
number of bypass diodes per string. To better comprehend the
effect of non-uniform insolation on a PV array, two kinds of
shading are depicted in Fig. 2, and their P—V and I~V curves are
shown in Fig. 3. Each string of this PV array consists of eight
modules. In Fig. 2a, PV array is divided into eight subassemblies,
and each subassembly has uniform insolation, while the modules in
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same string have different insolation varying from 1000 W/m?2 to
300 W/m? with a step size of 100 W/m2. As shown in Fig. 3, the
P-V curve under this shading has eight peaks because eight
subassemblies have different insolation. In Fig. 2b, PV array is
divided into three groups, and each group has uniform insolation
varying from 1000 W/m2 to 600 W/m? with a step size of 200
W/m2. As shown in Fig. 3, there is only one peak in the PV curve
under this PS condition. The whole array is considered as one
subassembly in this condition, and the peak number is equal to the
subassembly number. Therefore, not all PS leads to multiple peaks,
but only those resulting in non-uniform insolation of strings do.

2.3 Critical observations under partial shading

I-V curve with two peaks is discussed for conducting the detection
method of PS. It is assumed that, under this PS condition
(condition A), the PV array is divided into two subassemblies with
different insolation, 650 W/m? (condition A-1) and 1000 W/m?
(condition A-2). The /-V curve is shown in Fig. 4. The voltage of
GMPP is around 325V, and the voltage of the other LMPP is
around 450 V. To compare the difference between uniform
insolation and PS conditions, it is also assumed a uniform
insolation condition producing the same PV current as the PV array
under condition A, 685 W/m? (condition B). Fig. 5 shows the -V’
curves of the partial-shading PV modules and the unshaded
modules of the same area size under condition A, and the /-V curve
of the same PV modules of the same area size under uniform
insolation of 685 W/m? (condition B-1) producing the same
operating current value under MPP as condition A. The PV array is
working at local MPP under condition A and at GMPP under
condition B. The PV array current is the same under these
conditions.

The local MPP with the maximum voltage is always the
operating point using conventional MPPT schemes. Therefore, this
point could be used to discern the insolation levels of a PV array.
According to the simulation results, the three operating points in
Fig. 5, also the LMPP with maximum voltage, have a voltage
relation described as follows:

Va_1+Va_,~2Vg_, (2)

where Va1, Va2, Vp.1 are, respectively, the voltages of the same
size PV modules at operating point A-1, A-2, and B-1.

To describe the PV array voltage difference between conditions
A and B, it is assumed that the array area is 4, of which area A4, is
shaded under condition A. The difference is described as follows:

A —2A, A

Va=Ve=|Va_1+Va_r+ 'Ax Va_s —A—XVB_I 3)

where V, Vg are PV array voltages under conditions A and B,

respectively.
The authors substitute (2) into (3) and attain (4):

A - 24,

Va=—Vp= -~
X

(Va-2—VB_1) 4

In (4), as the shaded area decreases and the insolation difference
increases, the effect of PS becomes more severe, and the difference
between V5 and Vg increases. Therefore, the authors could use this
difference to detect the PS by setting a voltage threshold. When the
PV module is under uniform insolation, PV current and voltage
have the following relation:

S
Ise.ma = Isc.md,STCE[l + (T = Ts10)] %)
TV [Eef 1 1
Iema = ]sc.md.STC(m) exp[f(m - 7)] (6)
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Fig. 3 PV array characteristics under partial shading
(a) P-V curves, (b) I-V curves

I ma.stc = Ise.ma, STCEXP(—WVOC, md,STC) @)
§

where I nq is the PV module short-circuit current, /s mq stc is the
short-circuit current under STC, S is solar insolation, Sgtc is the

solar insolation under STC, 1000 W/m?, a, is temperature
coefficient of short-circuit current, Tgyc is the temperature under
STC, 298K, I g is the PV module diode equivalent reverse
saturation current, /s g stc is PV module diode equivalent reverse
saturation current under STC, E, is energy bandgap, ngrc is diode
equivalent ideality factor under STC, and Vi ma.stc is PV module
open-circuit voltage under STC.

First, the insolation change is only considered. The authors
attain (8) by solving (5)—(7):

N, snSTCk T 1 sC

NenstckT S
In—== = Voe ma.stC + ———
S

In— (8

Voemd =
' Sstc

where V. mq is the PV module open-circuit voltage.

Second, the temperature dependence is added into (8) by adding
the open-circuit voltage temperature coefficient f,.. Then, the

authors attain (9): (see (9)) . To obtain the PV array MPP voltage
Vinp> (9) is used to derive Vi, as Vi, and Vc have a very close
temperature coefficient and similar variation law. The formula of

Vmp could be derived approximately as follows:
Vmp = Ivser[1 + ﬁoc(T — Tst0)]

N, snSTckT In S
q Sstc

(10)

X Vmp. md,sTC +

where Nge, is the number of modules in a PV string, Vpy,, is the PV
array MPP voltage, and Viyp ma,sTc is the MPP voltage of PV
module under STC.
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Fig. 4 P-V curve of PV array with two peaks under partial shading
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Fig. 5 -V curves of modules with the same size under different insolation

Considering the PV array MPP current /iy, largely depends on
solar insolation and its correlation with temperature is extremely
weak, the authors can use I/l to substitute S/Sgrc in (10). Thus,
the MPP voltage of Vg can be calculated as follows:

Vmpc = Neerl 1 + Boc(T — 298)]
NgnkT | Iy (11)

In
Imp.sTC

X | Vinp.md.sTC +

where Vi is the calculated value of Vp, it is an approximation of
the calculated maximum voltage.

2.4 MPPT scheme base on modified PI-IC method

The proposed MPPT scheme based on modified PI-IC method has
three essential processes, namely global search process, local
search processes and initialisation process. The initialisation
process is based on the variation of the PV array power and voltage
to detect the PS. If PS is detected, the global process is activated to
hunt the GMPP by scan scheme through setting reference voltages
and using IC method with variable step size. The scan direction,
scope and termination criteria of the global process depend on the
PV array characteristic. After the GMPP is found, it enters the local
process to trace the GMPP precisely with a modified variable step
size PI-IC method.

2.4.1 Initialisation process: When the algorithm is under local
search process, the initialisation process is started if the insolation
changes. The change of the insolation results in the variation of the

Voe.md = [1 + Boc(T = Tsto)]| Vo, ma.sTC +
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Fig. 6 PV system structure diagram of a DC/DC + DC/AC two-stage grid-
connected system

Table 1 PV array parameters of the simulation model

Parameter Symbol Value
parallel configuration Np 41

series configuration Ng 8

open-circuit voltage of each PV module Vocmd 64.2V
short-circuit current of each PV module lscmd  5.96A
MPP Voltage of each PV module Vimp,md  94.7V
MPP current of each PV module Imp,md  5.58 A

PV power. If the PV power and voltage varies higher than a
predetermined value, the PS detection process is activated.

To detect the PS, two criteria are applied to improve the
accuracy of the detection. If one of the following criteria is
satisfied, a PS is conformed, and the global search process starts to
work.

[AV] = |Vpy = Vinpe| > AVser (12)

Ny < Nger (13)

where AVsgr is a predetermined voltage reference chosen
according to the PV array output voltage.

2.4.2 Global search process: If a PS is confirmed, the scheme
enters the global search process, and the voltage reference for the
boost converter controller is set according to the following
formula.

NgnkT Inp
In———
Imp.sTC

(14)

Vset(nw) = nw[l + ﬂoc(T - 298)] Vmp,md.STC +

where Ve(ny,) is the voltage reference with n,, working modules in
a series, ny, is set in order from N, to 1 or until at least one of the
following conditions is satisfied.

Vsel(”w) < Vmin (15)
P> PAT,n,— 1) (16)

where Vi, is the minimum voltage of the PV inverter,

P(T,n, — 1) is the calculate PV array power under 1000 W/m? and
T with ny, — 1 working modules in a series.
P.(T,ny — 1) is defined as follows:
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Ny —
P(T,ny = 1) = Pop stcll +7(T' = Tsto)l—y (17)

To avoid a wrong global MPP, an IC method with variable step size
is executed until a local MPP is found and a predetermined
minimum time is met after each set of the voltage reference. As
Vsedny) is an approximation of Viy,(ny) and some multiple local
maxima may have similar value, thus a wrong global MPP is easily
obtained in these cases. After searching all Ve (ny,) or until the stop
criteria are met, the recorded GMPP Vy, is set to the converter, and
the scheme is back to the local process.

2.4.3 Local search process: In (12), the array temperature is
needed to acquire V. as defined in (11). The array temperature
can be obtained using temperature sensors or by the following
calculation method in this process. The temperature calculation is
implemented if (i) all bypass diodes are blocking, (ii) the inverter is
working at steady state, (iii) and the PV current is above a
predetermined level. The temperature is derived from the MPP
power Pp,, formula as follows:

Pl mp.STC 1
—STC - _ T, 18
7mpP mp, STCI Ymp STC ( )

T =
where P is the PV array MPP power, Py, stc is the MPP power
under STC, Iy s is the PV array MPP current under STC, and
Ymp is the temperature coefficient of MPP power.

The local search process is used to trace the MPP precisely
using a modified PI-IC method. If |dP/dV| > K,, the duty cycle is
set as:

D(k) = D(k — 1) + AD(k) (19)

where D(k) is the kth iteration of duty cycle D, AD is step size of
the duty cycle chosen according to the slope of the P—JV curve.
Small, medium and large step sizes are used in the local process.

If |dP/dV| < K,, the duty cycle with a variable step size is set
as follows:

D(k) = D(k — 1) + IAD(k) (20)
where [ is a coefficient defined as follows:

dr
1_|1+vW @1

If the operating point is close to the MPP, then a more precise and
robust adjustment of D is implemented to promote the tracking
effectiveness and the stability. If AD(k)AD(k — 1) < 0, it means the
operating point is close to the MPP, and the duty cycle is set as (19)
and /\D is set as follows:

AD(k) = — AD(k — 1)/2 (22)

3 Results

As shown in Fig. 6, the proposed MPPT scheme is applied in a
two-stage grid-connected PV system. The simulation model is built
in Matlab/Simulink environment. The PV array parameters used in
this simulation model are shown in Table 1 and the PV system
structure diagram is shown in Fig. 6. The PV array is divided into
four subassemblies. Each subassembly includes two modules in
cach string. The PV inverter adopted in this system is a two-stage
PCS rated as 100 kW with a prototype consisted of a boost
converter and a three-phase full-bridge inverter. The PV inverter
parameters are shown in Table 2.

The methods are tested under two kinds of shadings and two
temperatures conditions. On the one hand, one condition is set as
step-changing insolation, and the other condition is set as gradual-
changing insolation. On the other hand, the module temperature is
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Table 2 Parameters of the two-stage PV PCS of the
simulation model

Parameter Symbol Value
input voltage range Vi 200-1000 V
DC-Link voltage Vdc 750V
output Voltage Vo 400V
output current rating Io 250 A
boost Converter switching frequency fo 5 kHz
inverter switching frequency fi 2.5kHz

Table 3 Step-changing insolation designed in the
simulation experiment

Time, s Insolation, W/mZ2
Assembly 1 Assembly 2 Assembly 3 Assembly 4

0-0.3 1000 1000 1000 1000
0.3-0.7 1000 800 600 400
0.7-1 1000 800 200 400
1-1.2 1000 1000 1000 750
1.2-1.5 1000 1000 1000 1000
1.5-2 1000 1000 650 1000
2-2.3 1000 1000 1000 1000
2.3-25 800 800 800 800
2.5-2.75 600 600 400 400
2.75-3 600 600 300 400

Table 4 Gradual-changing insolation designed in the
simulation experiment

Time, s Insolation, W/m?

Assembly 1 Assembly 2 Assembly 3 Assembly 4

0-0.3 1000 1000 1000 1000
0.3-15 1000 1000 1000 S/@
1.5-3 1000 1000 1000 700
ag = _1420(:—0.3) + 1000.

Table 5 Simulation results of the step-changing insolation
under steady state at 25°C

Time, s PV array output power, kW Efficiency, %
Simulation values MPPT results
0-0.3 100.13 100.10 99.97
0.3-0.7 48.15 48.04 99.77
0.7-1 41.49 41.43 99.86
1-1.2 81.69 81.52 99.79
1.2-1.5 100.13 99.85 99.72
1.5-2 74.93 74.9 99.96
2-2.3 100.13 99.85 99.72
2.3-2.5 79.02 78.98 99.95
2.5-2.75 40.57 40.46 99.73
2.75-3 31.71 31.16 98.27

set as 25°C and 50°C. The insolation setting is shown in Tables 3
and 4. The results of the PV array output are depicted in Fig. 7.

In Table 3, the step-changing insolation includes uniform
insolation and non-uniform insolation. The insolation is decided to
simulate the PS occurring, shading change, shading vanishing, and
uniform insolation variation. The output powers in the steady state
under step-changing insolation are shown in Tables 5 and 6. The
results show that the algorithm can track the GMPP accurately with
steady-state efficiency more than 99.5% in most cases. At some
severe partial shading condition such as #=2.75-3 s, the efficiency
may drop below 99%.
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Fig. 7 Simulation results of the proposed MPPT scheme and conventional
IC methods

(a) t=25°C, step-changing insolation, (b) t=50°C, step-changing insolation, (¢) t=
25°C, gradual-changing insolation, (d) t=50°C, gradual-changing insolation
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Table 6 Simulation results of the step-changing insolation
under steady state at 50°C

Time, s PV array output power, kW Efficiency, %
Simulation values MPPT results
0-0.3 90.75 90.71 99.96
0.3-0.7 43.55 43.43 99.72
0.7-1 37.58 37.54 99.89
1-1.2 74.40 74.27 99.83
1.2-1.5 90.75 90.71 99.96
1.5-2 67.90 67.88 99.97
2-2.3 90.75 90.71 99.96
2.3-2.5 71.17 71.13 99.94
2.5-2.75 35.98 35.89 99.75
2.75-3 28.04 27.80 99.14

In addition, the behaviour of the proposed method is compared
with the conventional IC algorithm. The results of the proposed
and the compared MPPT algorithm are illustrated in Fig. 7. The
results of the conventional IC method show that the operating point
at steady state is usually the local maxima power point with the
maximum voltage of the local maximas. It can only track the
GMPP when no bypass diode blocked or under some serious PS
such as at t=2.75-3.0 s as shown in Figs. 7a and b.

As shown in Figs. 7a and b, the insolation was set to simulate
one to four LMPPs to validate the effectiveness of the proposed
scheme under different temperature and step-changing insolation.
At t=0.3 s, the insolation dropped from 1000 W/m? and produced
four local maximas. The GMPP was the second peak (counted
from the right of the I~V curve). Under this condition, the global
search process scanned three local maxima and returned the
voltage of the second peak. At t=0.7s, when the insolation
dropped, and the GMPP moved from the second peak to the third
peak. The global process was triggered. It scanned three local
maxima and returned the GMPP within 0.2 s. At t=1.0s, as the
insolation rose, the number of LMPP dropped from four to two.
The GMPP moved to the first peak. Then, the global process only
scanned one LMPP and met termination criteria. At t=1.2 s, the
shading vanished, and the algorithm confirmed that the insolation
was consistent and remained in the local process. Under other
conditions, such as r=1.5s, t=2.5s and t=2.75 s, these GMPPs
were all obtained within 0.2's. At r=2.3 s, a consistent insolation
reduction was performed, and it remained in the local process
before and after the insolation changed. The global process was not
triggered because the voltage variation was less than the pre-set
voltage AVsgT.

As shown in Figs. 7c¢ and d, when the insolation changed
gradually, the initialisation process was not triggered because it had
not entered the steady state. After the operating point arrived at a
steady state, the initialisation process started, and the algorithm
detected the PS condition. Global search process found the GMPP
and entered a new steady state within 0.05 s. Both under 25°C and
50°C, the method could detect the PS and track the GMPP
accurately and fast under this condition.

In the simulation experiments, AVggr is a key element to detect
the PS accurately. If AVggt is set too small, it increases wrong
triggers of the global search when the uniform insolation changes.
If AVggr is set too large, it reduces accurate trigger of the global
search under PS. Therefore, the GMPP cannot be tracked
accurately. The setting of AVggr is predetermined by try and error
method. Also, if the temperature effect of AVggr is not considered
in (15), the GMPP cannot be tracked in every case under 50°C. In
the same way, if Ve =0.8Nge Voo proposed in other literature is
used, the MPPT scheme would fail if the temperature effect is not
considered.

4 Conclusion

The PV system has the multiple maxima problem under PS
condition which has a significant influence on the system
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productivity. To solve this problem, this paper focuses on the
accurate detection of PS and proposes a modified IC MPPT
scheme. The PS is identified using the PV array information, PV
power and voltage fluctuation and deviation. It demonstrates that
the voltage of local maximum power point varies under the
uniform insolation and PS when the system produces the same
output current. Therefore, the voltage deviation can be used as the
reference to detect PS. The PS detection is triggered when the
operating point reaches a steady state after an insolation change
occurs. Once the PS is confirmed, the MPPT scheme enters the
global process. In the global process, an IC method with variable
step size is employed. The exploring is finished until the stop
criteria are met. Then, the MPPT scheme is back to the local
process.

To validate the effectiveness of the proposed method, a two-
stage grid-connected PV system integrated with the MPPT scheme
is built in MATLAB/Simulink. The simulation results demonstrate
the accuracy of PS detection and GMPP search under gradual-
changing, step-changing insolation, and wunder different
temperature. The search periods are about 0.1-0.2s, and the
efficiencies of generation under steady state are above 99.5% in
most cases. The PS detection method can be applied in modified
approaches and also the soft computing—based methods. The
proposed MPPT scheme is expected to apply in BIPV where the PS
is easily caused by surrounding environment as well as PV power
plants where the unexpected PS has a severe influence on the PV
generation.
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