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This paper presents experimental evaluations for variation in the efficiency of energy extracted from a
photovoltaic (PV) module (under non-linear loading) incorporated with an incremental conductance(IC)
maximum power point tracking (MPPT) algorithm. The focus is on the evaluation of the PV panel under
non-linear loading conditions using the experimental installation of a 100W}, photovoltaic array connected
to a DC—DC converter and a KVA inverter feeding a non-linear load. Under the conditions of non-linear
loading, both the simulation and experiment show that the MPPT technique fails to attain maximum
power point due to the presence of ripples in the current leading eventually to a reduction in efficiency. In
this paper, panel current is taken as a function of load impedance in the MPPT algorithm to eradicate
power variation, as load impedance varies with supply voltage under non-linear conditions. The system is
simulated for different non-linear loads using MATLAB-Simulink. A TMDSSOLAREXPKIT was used for
MPPT control. In case 2, the inverter is connected to a single phase grid. When a voltage swell occurs in the
grid, PV power drops. This power loss is reduced using the proposed MPPT method. The results of sim-

ulations and experimental measurements and cost efficiency calculations are presented.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The growing demand in energy utilization and fast depleting
natural resources like petroleum and coal have resulted in the threat
of a major energy crises globally. Alternate energy resources can
contribute a convincing amount of energy to overcome such energy
crises. A commonly used alternate energy form is solar energy,
which is a pure form of energy directly from sun [1,2], The photo-
voltaic (PV) which converts the solar energy into electrical energy,
and an array of PV panels connected in series/parallel can energize
certain loads. The solar irradiation from the sun is not constant, due
to varying atmospheric conditions; resulting in varying voltage and
current in the PV which eventually produces fluctuating power
[3,4]. Consequently, an MPPT technique is indispensible for real
time systems [5]. Many MPPT algorithms were proposed for a two
stage and single stage grid connected system with some limitations
in system performance. Comparisons of various MPPT technique
like Perturb and observe, incremental conductance and soft
computing methods are discussed in Refs. [6—8] and a survey
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energy reduction of the PV array with nonlinear load variations is
not included. Most MPPT techniques are considered with constant
output impedance or load impedance being connected to PV output
terminals. These techniques are considered only the source (irra-
diations) variations or load variations only are observed by Ref. [9].
Most MPPT's are based on varying duty ratio and also continuously
(like boost converter and its derived advanced versions) or
discontinuously (buck and its derived advanced versions) con-
nected to the power circuit. Effective impedance on both input and
output terminals is not considered. The proposed method, a simple
strategy to extract peak power from the grid connected PV with
nonlinear load at PCC is attempted.

The proposed method has focused on the following points.

MPPT is achieved by regulating the effective conductance
appropriately properly (i',/vpvof the output terminal of PV array
during nonlinear load). The effective conductance also takes into
account the rate of change in conductance due to source, load
and storage element nonlinearities. This effective change in
conductance variable is added to earlier incremental conductance
(impedance) variations due instantaneous non-linear loads.
Further the change in conductance also considers voltage, current
ripples and nonlinear loads to track MPP. In literature however the
output impedance most of MPPT techniques are considered at
constant loads. Furthermore, voltage swell and sag at PCC may
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Fig. 1. Basic functional block diagram.

affect conventional MPPT techniques for single stage grid con-
nected operations. But the proposed technique overcomes the
above complications and thereby improves the energy extracted
from PV MPPT.

New generation PV panels are incorporated with Maximum
Power Point tracker (MPPT) which tracks the maximum voltage
and current (Vypp and Iypp) to set the operating point at maximum
power to operate at higher efficiency. This paper gives a detailed
analysis of the voltage, current and efficiency of a PV operating at
maximum power point when connected to a nonlinear load. The
block diagram of the system shown in Fig. 1 is considered for the
experiment, in this paper.

It is known that nonlinearity in the load condition affects the
impedance of the system precisely. There are various MPPT tech-
nique like Perturb and observe, incremental conductance, fuzzy etc.
These techniques are discussed by the authors in this work [10]. In
this paper, incremental conductance MPPT is considered which
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Fig. 2. Flowchart for incremental conductance MPPT.

makes the PV adjust its power to maximum power depending on
conductance C and change in conductance [11]. Conductance C is an
inverse of system impedance Z, so when the PV is loaded with non-
linear loads it fails to operate at maximum power varying effective
impedance which varies conductance.

1.1. Nonlinear loads

When the applied voltage provokes a change in the impedance of
a load, it is considered to be non-linear. The change in impedance
brings in non-linearity in the current drawn by the load even when
connected to a sinusoidal voltage source. These non-sinusoidal
currents contain harmonic currents that interact with the imped-
ance of the power distribution system to create voltage distortions
that affect the distribution system equipment and loads connected
to it [12] Results of empirical studies proved that large non-linear
loads are primary contributors to power system harmonics [13].
Alternatively, large scale production of small non-linear loads used
as switching components, like transistors and diodes have the po-
tential of aggravating harmonic distortion levels in commercial of-
fice buildings and in industrial applications [14]. Large non-linear
loads are primarily contributed by electrical machines and drives,
where power converters are combined with electric motors and
electronic control circuits. Conversely, small non-linear loads are
primarily contributed by active switches which respond to applied
signal with turn on and turn off; and passive switches with a highly
non-linear v-i characteristic. Reactive components like inductors
and capacitors are sources of non-linearity. Additionally, the prolif-
eration of multi-megawatt power converters in flexible ac trans-
mission systems (FACTS) happens to be an anticipated challenge.

1.2. Effects of nonlinear loads

The increasing number of non-linear loads on typical com-
mercial office buildings and distribution systems has made the

—

P Ly s Trsh

E Vv
8 .

Fig. 3. Equivalent circuit for a two diode model.
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presence of harmonics inevitable leading to the increase of
waveform voltage and current supply distortions resulting in
power quality issues. This necessitates the study of the non-
linearity in power system as addressed by the authors in this
work [15].

2. Incremental conductance MPPT

Incremental conductance technique is used extensively due to
its high adaptability and accuracy even under changing atmo-
spheric conditions [3]. It is based on power variations directly. The
output voltage and output current from the PV panel are
measured using sensors to calculate conductance (C=I,/Vp) and
incremental Effective conductance (AC = (4I,/4V},) + Cg). The
slope of the PV array power curve is zero at the MPP, positive on its
left, and negative on the right. The flowchart for incremental
conductance with a solution for a non-linear load is shown in
Fig. 2.

The symbols in Fig. 2 are defined as Vj: panel voltage; I,: panel
current; Z;: load impedance; 4Z; = (I/V; + Cg): change in load
impedance; Iyz;): panel current as a function of load impedance;
C: conductance; AC: change in conductance: Cg = [I/V;]* change in
Effective conductance: St switching cycle. The principle behind
the technique is to compare the values of conductance and in-
cremental conductance to decide whether to increase or decrease
the PV voltage to reach the Maximum Power Point. As non-linear
loads are considered, where the load impedance (Z;) varies with
supply voltage, PV panel current is taken as a function of load
impedance.

dP/dV = 0, at Maximum Power Point
dP/dV > 0, to the left of Maximum Power Point
dP/dV < 0, to the right of Maximum Power Point.

The objective of this algorithm is to track the operating point of
voltage, where conductance is equal to incremental conductance.
Hence, the following equations,

av, Oy, ~av, € AC M
d—vp>0v—p fd—vp, C>AC (2)
—dvp<0v—p< A C<AC (3)

When the point at which C= 4C obtained, MPPT operates at that
point till a further change in current occurs, which has a direct
relation to the irradiance of the PV array. The panel current I, as a
function of load impedance is calculated as,

q(Vp +R51p)> B 1)

Vp+R51p
AKT; TRy

sh

(4)

Ip@) =1Ipn —1Is exp

Iy = Cy -Eg- [1 + G (Ee —E ref) +G- (Tj - Tref)] - (
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2.k~Tj> [eXp T2n N K-Ty)
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where, Ipy is the photo current, R; is series resistance, Ry is shunt
resistance, A the diode ideality factor, K is Boltzman's constant
(K =1.381 x 10—23 J/K) and T; is junction temperature.

d, 1
m = ;AZ[

(5)

Rs + 1

s a(Vp+Rslp) 1
AKT; exp AKT; +RS,,

where, q is a quantum of charge. The mathematical equation for
panel current as a function of load impedance and for incremental
conductance is given by Eqgs. (4) and (5) respectively.

3. Modeling of photovoltaic (PV) panel

A two diode model is taken for discussion, wherein the trans-
port of electric charges inside the cell is considered [4]. The symbols
in Fig. 3 are defined as I4;: current across diode D1 and Ig: current
across diode D2. The panel current I, can be written as,

Ip = Ipn — (g1 + Igz) — Igsn 6)
where,
Ip:C1-Ee[1+C2'<Ee—Eeref>+C3(Tj_Tfef)] (7)

In Eq. (7) Vj is the panel voltage,C;, C; and C3 are constant pa-
rameters; E,. irradiance (W/mz); Tref: reference temperature 25 °C.
The shunt current Iz, is given as,

Vo + Rs-1
I = () (8)
sh
Iy = Iop- |exp M -1 9)
d1 = lo1 n-Nes-K-T,
q(VerRSIp)
Ipp =1Ipp-|exp —————+—4] -1 10
a2 02{ p 21N KT, (10)

where, n is the diode ideality factor and N are the number of cells
in series. Saturation currents are stated as,

_Eg
K-T;

—E
loz = G T} exp 21<gT>
J

Ioy = C4T} exp

(11)

(12)

The expression for panel current after substitution is as follows.

—E (Vp + Rslp)
3. _8). AP TSP
T] €xp kT)) |:6Xp a Tl'Ncs'K~Tj> 1:|

(13)
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Fig. 4. The simulation circuit for the overall system with subsystems expanded individually.
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Fig. 5. Current and Voltage waveforms using a DC—DC Buck-Boost converter with controlled converter load.
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Fig. 6. Current and Voltage waveforms using a DC—DC Buck converter with fully controlled converter load.
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Fig. 7. Current and Voltage waveforms using a DC—DC Boost converter with fully controlled converter load.
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Fig. 8. Output Power waveforms of a DC—DC Buck-Boost converter, DC—DC Buck converter and DC—DC Boost converter with fully controlled converter load with comparison of

existing and improved techniques.

4. Simulation results: case 1

A functional model of a photovoltaic panel, general model of a
DC—DC converter with incremental conductance MPPT and
inverter were used in the simulation done using MATLAB/Simulink.
DC—DC Buck, Boost and Buck-Boost converters were simulated for
the same load and compared for power variations. The simulation
circuit includes a 150 mH inductor and 22 pF capacitors for Buck-
Boost converter stage, 5 mH inductor and a 90 pF capacitor for
Boost converter stage, 0.5 mH inductor for Buck converter stage. A
resistive load of 125 Q was used for all stages commonly. The sys-
tem was simulated under controlled and un-controlled converter
loads. The MATLAB/Simulink circuit used for simulating the system
is shown in Fig. 4. Variations in current, voltage and output power
waveforms are provided as a comparative study from Figs. 5—7.
Power variations as discussed are certain for changes in the

amplitude of current. Adversely varying current leads to power
variation which affects the efficency of the MPPT technique.

The result from simulation proves a distinct effect, which a non-
linear load has over a PV system with an MPPT technique incor-
porated under the latter technique's influence. The comparison of
result of means output power from system simulation with the
improved technique (Mean;) adopted in this paper and mean power

Table 1

Electrical parameters of the PV cell under STP.
Maximum power Pyvax = 100 Wp
Voltage at MPP Vmpp = 17.8 V
Current at MPP Ivpp = 5.62 A
Open circuit voltage Voc =218V
Short circuit current Isc=62A

Temperature coefficient of Isc o =246 x 1073 AJ°C
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Table 2
Measurement obtained from the simulation of the scaled up model of the experimental setup.

S.No RMS current ~ RMS voltage  Mean current ~ Mean voltage RMS power  Mean powere) Mean power(;)  Efficiency (existing) Efficiency

(amps) (volts) (amps) (volts) (watts) (watts) (watts) (% (improved) (%)

(1) 17.6 443 115 416 7796 4790 6200 61.2 78.3

(2) 133 511 115 416 6796 4790 6200 61.2 78.3

(3) 9 540 6 540 4860 3240 3600 40.8 46.5

(4) 7 540 6 540 3780 3240 3600 40.8 46.5

(5) 26 430 24 290 11,180 6960 7900 89.8 96.6

(6) 24 400 24 290 9600 6960 7900 89.8 96.6

obtained from the current technique (Mean,) are shown in Fig. 8.
The improvement in power from simulation using the adopted
technique proves effective.

5. Experimental results: case 1

The experiment was based on the basic functional diagram
provided in Fig. 1. The electrical parameters of the PV panel used in

the experimental setup are shown in Table 1. The experimental
results were obtained from the setup including a PV source with
DC—DC buck-boost MPPT connected to a PWM inverter feeding a
fully controlled converter load. TMDSSOLAREXPKIT, with a solar
inverter and a MPPT Boost DC—DC converter, was used for MPPT
control and the processor control card TMS320F28035 provided
gating signal t1 and t2 for the DC—DC converter. Current transducer
LTS 25-NP and voltage transducer LV 25-P observed current and
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voltage waveforms in the system. The experimental measurements
obtained from the meters, with calculated powers are tabulated in
Table 2.

The rows (1 & 2), (3 & 4) and (5 & 6) in Table 2 correspond to the
measurements and calculations obtained for the system with
DC—DC Buck-Boost, DC—DC Buck and DC—DC Boost converters
respectively. The calculations show the difference in RMS Power
and Mean Power, which is the reason for reduction in efficiency.
The simulation performed is 100 times scaled up to the experi-
mental setup. The improved technique offers a 10 Watt-Hour en-
ergy saving for a 100 Wp PV panel, which when calculated for a
month's usage (6 h a day) would account for 1.8 kW that is the
reason for the reduction in cost of energy consumption. For
instance, a 2 kWh saving would result in the reduction of 898 INR
for the same calculated duration of utilization based on the tariff of
Tamilnadu Generation and Distributed Corporation limited, India
(TANGEDCO).

The oscillations found in the current waveforms under different
loading conditions are seen in Fig. 9 which explains the difference
in power due to the presence of non-linear load under influence of a
MPPT technique and the experimental setup used shown Fig. 10.

6. Grid connected PV sourced inverter: case 2

In the second case, the PV sourced inverter is connected with a
single phase grid. Fig. 11 shows the simplified model of a grid

10e3} /— '—-"-"-l

Power (W)
Fd
=

2

b

0 0.5 l'imle{Scc] 1.5

Power (W)

connected inverter with a PV source. Voltage swell is a common
phenomenon in the current power system, the grid over voltage
(voltage swell) also affects the power injection of the PV sourced
inverter; hence power extracted from PV is not fully pumped up to
the grid. This impact creates tremendous energy losses in large PV
generating systems. The proposed control technique improves the
power injection PV sourced with inverter during voltage swell. The
virtual impedance source deducting grid voltage variations is
added in the basic model of PV sourced grid connected inverter,
through the buck boost converter. The Eq. (14) gives the required dc
voltage during a voltage swell

Vie = 1 [Vg L i) [% + s] +ip($)1 /Zv} (14)
Ve = Vpu(sw) =LS[ipy(s) — ir(s)] — Cls [iL(s) — (ii(s)1/Z,)] ~ (15)

7. Simulation result: case 2

As in the first case, simulation was undertaken in MATLAB/
Simulink using the functional model of the PV, DC—DC converter
with incremental conductance, buck-boost converter and inverter
connected with single phase grid. The voltage waveform under
swell condition and PV power waveform is obtained for the con-
ventional and improvised incremental conductance MPPT as shown
in Figs. 12 and 13.

8. Experimental result: case 2

The same experimental setup of the first case is used here, but
the inverter is connected to the single phase grid and PV power
variation during overvoltage is observed and recorded. The results
of hardware and its 100 times scaled up simulation are tabulated in
Table 3 showing variation in the PV power loss in conventional and
improvised MPPT techniques. Fig. 14 shows the recorded waveform

0 0.5 1 1.5 2
Time(Sec)

Fig. 13. Waveform of PV Power during swell condition with conventional and proposed MPPT method.
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Hardware and simulation results of the PV power variation during a voltage swell in the grid.

S.No Conventional MPPT technique Improved MPPT technique
Hardware result Simulation result Hardware result Simulation result
Grid RMS voltage PV injected Grid RMS PV injected Grid RMS voltage PV injected Grid RMS voltage Vg (volts) PV injected
Vg (volts) power (watts) voltage Vg (volts) power (watts) Vg (volts) power (watts) power (watts)
1. 230 97 230 10 230 97 230 10
2. 253 82.45 253 8.53 253 89.24 253 9.35
3. 264.50 77.60 264.50 7.90 264.50 84.39 264.50 8.72
4. 276 72.50 276 7.48 276 79.54 276 8.26
5. 287.50 67.90 287.50 7.0 287.5 74.69 287.50 7.82
125 125
~ 100 - : ¥ 100 |
r T 1
% 75 //f- = 75
é' 50 / = 50 |
] H
25 25 ¢
-9 ( £
o - { } i 0 !
0 05 15 2
0 05 TIme’(Sec) 15 Timel{Sec)

Fig. 14. Hardware results of the PV Power during swell condition with conventional and proposed MPPT method.

of the PV power during a voltage swell condition taken with the
conventional and improvised MPPT method.

9. Conclusion

In this paper, the effect of a non-linear load has over the MPPT is
analyzed through simulations and a hardware setup. A simple
calculation of the panel current as a function of load impedance is
introduced in the MPPT algorithm for better results. The simulation
of the system was done using MATLAB-Simulink and the hardware
setup was created using a TMDSSOLAREXPKIT (Solar explorer kit)
for MPPT control. Under non-linear loading conditions, the differ-
ence in mean power compared to RMS power was observed due to
ripples present in the current waveform under the influence of the
MPPT. Simulations and experimental results verify the effects of
non-linear loading. The cost efficiency calculation presented shows
the profound importance of the analysis in this research. In the
second case, the drop in PV power due to a voltage swell is reduced
greatly under the proposed MPPT condition, verified from simula-
tion and hardware results.
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