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Abstract—The PV systems connected to the grid will be a
very significant renewable energy source in the power systems.
Numerous researchers believe that in approaching years major
amount of energy on the planet will be produced by
Photovoltaic grid tied systems. For this reason, it is crucial to
enhance the performance of Photovoltaic grid tied systems,
which is facing voltage instabilities, overloading fluctuations
during the disturbances. In order to improve the performance,
a novel enhanced active power control strategy with
incremental conductance maximum power point tracking is
proposed in order to obtain the constant power from the
photovoltaic grid tied systems. Both single and two-stage
Photovoltaic grid tied systems can be effectively controlled by
using this algorithm with a proportional integral controller to
enhance the performance and flexible to control the operating
region near maximum power point. The proposed algorithm
mitigates the power losses significantly by generating very few
power oscillations of 0.5 kW to 1 kW and an error of about
+0.5 to £0.9% which is very less oscillation as compared with
the conventional perturb & observe-active power control
algorithm. The effectiveness of the proposed algorithm is
validated by simulation results along with stability analysis and
experimental setup considering diverse operating conditions.

Index Terms—inverters,
power grids, renewable
generation.

maximum power point tracking,
energy sources, solar power

I. INTRODUCTION

Day by day due to the globalization of metropolises the
electricity utilization got increased so that grids were loaded
heavily, to overcome this situation the generating capacity
should be raised to come across the demand. In view of this
renewable energy resources are greatly encouraged to
supply this additional demand. Meanwhile, the Photovoltaic
is getting to be one of the most utilized sustainable
technology, the ability to extract extreme power from
Photovoltaic Grid Tied (PVGT) system effectively is done
by using MPPT’s. As the PVGT systems are non-linear in
nature, the Solar Photovoltaic Array (SPVA) current and
power in the PVGT system depends on operating voltage of
the SPVA. In order to extract maximum power from the
SPVA continuous adjustment of SPVA voltage is to be
done. In the literature, lot of techniques were developed and
analyzed for PVGT systems, out of which conventional
MPPT’s like Perturb & Observe (P&O) and Incremental
conductance (INC) techniques were widely applied for
PVGT systems. In fact, INC MPPT algorithm is an

Digital Object Identifier 10.4316/AECE.2021.03010

enhanced version of P&O as stated in [1-2]. In P&O
algorithm SPVA terminal voltage must be incremented or
decremented for each perturbation cycle. When the
maximum operating point is reached, the P&O algorithm
starts oscillating around that point which results in the loss
of SPVA output power, particularly for slow varying
environments. But for fast varying atmospheric conditions,
the P&O algorithm fails and deviates much more from the
operating point, this happens due to its instability to match
the varying SPVA power for varying environmental
conditions. In order to avoid the drawbacks of P&O
algorithm mainly power oscillations at MPP are overcome
by laid the basis of INC algorithm which was first presented
in [3-4]. The INC algorithm always regulates the terminal
voltage of the SPVA according to the operating point
voltage, which is the failure step of the P&O algorithm for
fast varying environs. The INC algorithm is most suitable
for any type of SPVA as it is generic algorithm. It works
well for wide varying atmospheric conditions and requires
no information about the SPVA. But INC algorithm is
complex to implement using discrete components and
sensors, however it is simple to implement by using
advanced digital controllers and has an additional merit of
flexible control for different SPVA [5-7]. In Enhanced
active power control (EAPC) operation the INC algorithm is
used due to that it inherently having the benefits to
overcome the main drawback of P&O algorithm.

A PVGT system primarily comprises of PV Arrays, DC
to DC converters, MPPT controller tied with grid and loads.
The basic modelling and design principles of PV array is
taken from [8]. To make a PVGT framework increasingly
effective, the active power output should be controlled up to
certain power limits is necessary. In recent times there is a
lot of innovative algorithms were developed for improving
the efficiency of PVGT systems, out of which Active Power
Control (APC) technique also known as constant power
generation (CPG) is one of them [9]. There are certain
conditions for the adaptation of new PVGT systems where
constant power injection to the grid is necessary in order to
meet the new grid codes and regulations [10]. The new grid
codes are principally focusing to avoid the adverse
conditions like high penetration of new PVGTs into the
power system, loading the power grid greater than the
installed capacities. The new grid codes also state that the
voltage at the point of common coupling is to be boosted by
injection of active and reactive power to the grid
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simultaneously at the time of voltage sags on the grid.
During the voltage sags the irradiance is assumed to be
constant as the sag appears for a short duration, in order to
satisfy the current limitations of the inverter the power
extracted from the SPVA should be limited to the certain
power reference is needed [11]. By considering the new grid
codes and regulations for all the topologies of PVGT
systems a common algorithm is essential that should control
the active power of the system with low power oscillations
and fast dynamic response. The main topologies of PVGT

systems are shown in Fig.1 and Fig. 2.
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Figure 2. Dual-Stage PVGT System

The basic design concepts of APC strategy were
presented in [12] and [13-17], which gives the DC-DC
converter and inverter control concepts to achieve the
maximum power from the PVGT systems. But the basic
theme of these concepts was only discussed about the
stability concerns of the inverter real power outputs for
single-stage PVGT systems. The APC along with P&O
technique were designed based on the voltage constraint is
discussed in [9], [15] to control the real power. But due to
the single-stage topology when there is a rapid change in
Irradiance (G) the MPP will shift aside of the V,,,, and may
cross the V. point, this will decrease the reliability of PVGT
system [16], [18]. For this reason, advanced dual-stage
PVGT systems were discussed in [19] to attain dual mode of
operation of APC along with MPPT which will shifts the
operating point besides the V,,,, point in order to avoid the
output voltage crossing the V,. point. But these systems
have to change its mode of operation based on the output
power will result in a poor response of the system.

For this reason, a common concept was designed to
overcome the demerits of both the systems discussed above
in [20], this algorithm is applicable to both the single and
dual-stage PVGT systems along with APC and P&O
algorithms. But as compared with the existing APC strategy
with conventional P&O MPPT technique, the major
advantage in this proposed APC strategy is that when it
operates in MPPT mode with INC technique, its output
voltage, and output power oscillations during MPPT mode
were reduced and the tracking efficiency is increased. The
other thing is that it can also be able to shift the MPP to
Right or Left side of MPP for both single and dual stage
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PVGT systems.

In the literature of PVGT systems with CPG or APC only
discussed P&O MPPT algorithm as a part of APC either for
single or for the dual stage [21], [23]. In this paper a novel
EAPC strategy is proposed for PVGT systems, in which
INC MPPT algorithm is coordinated along with the APC
called an EAPC strategy is discussed for both single and
dual stage systems to overcome the drawbacks of APC with
conventional P&O MPPT. The rest of the Paper organizes as
follows: section II presents the basic methodology of APC
for PVGT systems, section III presents the proposed EAPC
algorithm, section IV stability analysis of proposed system,
section V presents the simulation results for proposed
strategy, section VI presents the experimental verifications
and section VII concludes the paper.

II. BASIC METHODOLOGY OF APC

In this section, the basic theory of APC was discussed
which was discussed in [9] and [22]. The main aim of APC
is to design the PVGT systems more economically by
controlling the MPPT at the Inverter stage or at the charge
controller stage commonly known as DC-DC converter
stage. Basically, this strategy operates in two modes i.e.,
MPPT mode and APC mode. Based on the available power
from the PV two operating modes were presented as
presented in Fig. 3.

Controller sets the P,
Value, which locates the
operating point right or

left side of MPP
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Figure 3. Control Structure of single and dual stage PVGT systems

MPPT mode: In this mode, MPPT with INC technique is
proposed rather than P&O for enhanced tracking efficiency
with reduced oscillations in the output power during this
mode of operation. For the MPPT mode of operation, the
power generated from the PV string (P,,,) is less than the set
value of power (Py,). So, the instantaneous power output
(Poutpv) Will be given as.

va —out PINC — MPPT M
When P, < P, the controllers work at INC MPPT mode.
APC Mode: In this mode, the Ppys is set to a reference
power which is normally less than the power output of PV.
For APC mode the power generated from PV string P, =
P, This strategy uses a PI controller which has fast
dynamic performance and reduced power oscillations during
steady-state and transient conditions.
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The PVS operates in two regions x and y around its MPP
as presented in Fig. 4. The magnitude of both x and y are the
same and set to Py, value indicated by the blue dotted line in
Fig. 4. As the magnitude of both x and y are the same but it
lies in the left and right side of MPP. The left and right side
operation around MPP has its own merits and demerits [23].

5 x10° |
P b —at STC
mpp|
set . x___,;__i‘#_ y
L 7N
| I |
E, i i ‘
o2 | P
3 | o
o oc' ) . ) l Vx Ympp! I!vy
0 100 200 300 400 500 600
Voltage (V)

Figure 4. Operating points x and y of P-V plot for P, value

A. Operating Point at x

By choosing the operating point at x the system response
will be as follows:

e In PVGT systems the output voltage of PVS should
be approximately close to short circuit voltage (V)
in order to obtain the high efficiency operation of the
system. At x the voltage (V;) is very less as compared
to the V., so that the duty cycle (D) of the charge
controller should be increased to unity. If D is
increased approximately to unity, then there may be
huge disturbances at the charge controller input and
output voltage as well as in currents.

e The voltage variance between V. and V,,, is
considerably large and has more power oscillation in
output power of PVS and inductor gets distorted.

B. Operating Point at y

By choosing the operating point at y the system response
will be as follows:

¢ In PVGT systems the voltage of PVS at point y is V),
and the variance of this voltage from V,,,, is small.
Hence the system response is fast as compared to the
response at point x. But if there is a slight alteration
in the G and T will generate huge oscillations in the
PVS output power as compared with the oscillations
at x.

e The point y lies on the right side of MPP, which will
lead the system voltage over the open-circuit voltage
(V,.) when there is a fast alteration of the PV inputs.
This the main design consideration while developing
the EAPC algorithm.

III. ENHANCED ACTIVE POWER CONTROL ALGORITHM

The P&O APC algorithm works well only for slow
varying irradiance, but for fast varying irradiance, this
conventional method generates huge power oscillations as
discussed in [2]. To overcome this a high performance P&O
APC strategy was discussed in [20]. But this paper uses the
APC strategy along with INC to reduce the power
oscillations considerably as compared to P&O. The EAPC
of PVS can be developed by observing the P-V characterizes
operating at x or y points. The instantaneous values of
voltage (AV) are the difference between the present voltage
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Voresew and — previous voltage Viyeviouss Likewise for
instantaneous power (AP) is the difference between the
present POWer Pyesen and previous power Peyious.

AV =V Vo ®)
present  previous
AP = P (€))

-P .
present ~ previous

For MPPT mode the voltage execution time (7., and
the voltage execution between different operating points
(Vex-mppr) are taken quite a lager and smaller respectively, in
order to reduce the power oscillations in the P,,,,. The
basic principles of T pppr aNd Voy iy Were discussed clearly
in [9]. The complete operational flowchart of the EAPC
strategy is presented in Fig. 6.

Based on the conditions stated in (1) and (2) the EAPC
strategy selects its mode of operation. In the APC mode, the
hysteresis controller is used in order to work the PVGT
systems well in both Fault and Healthy conditions. The
hysteresis controller is used to decide the value of real
power when there is a fault in the system, under healthy
conditions it is used to stabilize the system quickly by
reducing the power oscillations. In order to achieve this by
hysteresis controller in Faulty and healthy situations, various
values of Voltages (V,pc) and Time periods (7pc) are to be
considered.

If there is a Fault in the system APC strategy directly sets
the controller to the execution voltage of APC at Fault (V,,.
apc-raur) @and a Time (Toeqpcrawr). If the system is healthy
then it will check for IAP| >AP;,,;4, where AP}, is threshold
power sets to 8 kW in this algorithm. If IAP| >AP,,,, is true
then it senses that there is a transient or fault in the system
so that it sets to Vypc and Typc t0 Verupc-raute a0d Tevapc-Fauie
respectively. If the condition IAPl >AP,,, is false then it
checks for AP/AP,,.,,,s>0, if it is true then it again sets Vpc
and Typc to the Fault conditions. If the condition
AP/AP,evi0us>0 1s false then it sets the V,pc and Tpc to the
normal execution voltage of APC (VupCnorma) and time
(Tex-apcnormat) of APC. For the operating points of x and y
the APC algorithm checks for the conditions of AP/AV>0
and AP/AV<0. Based on these above conditions the set
voltage (Vi) is fixed for the APC mode and decides the
operating regions about MPP.

V> INC
I;7»|_MPPT
— Vo D
Enable _>— - 1M
Vo Switch
pv
Py

Figure 5. EAPC strategy with PI controller

The key concept in this paper is the introduction of INC
MPPT algorithm along with the APC. In this MPPT mode,
this strategy uses conventional Incremental conductance
(INC) algorithm as shown in Fig. 6. This algorithm is used
due to the main reason that it reduces the power oscillations
drastically as compared to the conventional P&O. The
EAPC strategy along with the PI controller is shown in Fig.
5. The output of EAPC strategy is fed through a PI
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controller which enhance the dynamic response of the
system and also generates the switching pulses for DC-DC
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converter and Inverter switches for dual stage systems and
single stage systems respectively.
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Figure 6. Operational Flowchart of EAPC gy
IV. STABILITY ANALYSIS OF PROPOSED SYSTEM Ki
. . . . G (s)=K +—-t “)
The proposed EAPC algorithm is realized by using a c( ) P s

boost converter. The PV panel connected to the Boost

Converter is shown in Fig.7.

L Diode

-
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—

Figure 7. Operational Flowchart of EAPC strategy

According to the averaging method of state space model
used in [24]-[26], the transfer function of proportional
integral (PI) controller is given by

84

The open loop transfer function (OLTF) of the proposed
system is given by

GOL ()= Gd (S)GC (s) (5
where,
y
VC +2-2
G, (5)= °s5 R (6)

LCs2+%s+(l—D)2

The boost converter nominal switching frequency is
considered as 20 kHz. The PI controller parameters K, =
0.252 and K; = 0.63 is calculated from Bode diagram by
using phase and Gain margins. For the proposed system, the
PI controller is designed for 50 kW system on simulation
platform and 1 kW system on experimental platforms and
found that the system is stable from the Bode diagram of
OLTF.
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Figure 8. Stability analysis using Bode diagram

V. SIMULATION RESULTS

The single stage and dual stage PVGT systems were
designed using the Matlab/Simulink environment. The
parameters used in this system is shown in Table 1. The
input irradiance profile for this investigation for the
conventional and proposed system is presented in Fig. 9,
which is taken from the conventional method [9] and the
input profile is updated with the additional values of G by
considering the worst value of G i.e., 0.4 kW/m” and a peak
value of 1.25 kW/m”. The proposed input profile considers
wide values of G like over and under the STC are
considered in order to validate the performance of the
proposed algorithm. By using the proposed algorithm both
single and dual stage PVGT systems output profiles were
obtained. A total of 6 modes of operation were considered in
order to simulate and compare the proposed algorithm with
the conventional method.

1.25 kKWim?

1 kwrm? 1 kwim?

0.6 kWm?
600 | =

0.4 KW/m

)

[=]

[=]
T
L

1] 5 10 15 20
Time (s)

Figure 9. Input Irradiance profile (W/m?)

TABLE I. PVGT SYSTEM SIMULATION PARAMETERS

Parameters Single stage Two stage
system systems
Total PVGT system power 50000 W 50000 W
(Posen)
Peak panel power (P,,) 235 W 235 W
Current at peak power (/) 7.84 A 7.84 A
Voltage at peak power (V) 30V 30V
Fill Factor 0.72 0.72
Grid Bus voltage (V) in rms 430V 430V
Voltage at DC bus (V) 770 V 770 V
Capacitor at DC-link 5%10° F 5%10°F
Series tied modules in the string 25 15
Parallel tied modules in the string 9 15
Input Inductance of Boost 10*10°H 10*10°H
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converter
Boost converter capacitor 12%10° F 12*%10°F
Set power of APC (Py.;) 40 kW 40 kW
Execution time of INC MPPT 01s 01s
(Tex-mppr)
Execution voltage of INC MPPT 5V sy
(Vex-mppt)
Execution time of APC at normal

" 0.1s 0.1s
conditions (7T er-apc-normat)
Execution time of APC at fault 0.002 0002 s
(Tex-aPC-fauin)
Execution voltage of APC at Aty is 1V Aty is1V
normal (Vec-apc-normat) AtX is6V At‘xX’is6V
Execution voltage of APC at fault Aty is3V Aty is3V
(Vex-apc-fautr) Atx’is8V Atx’is 8V
Threshold Power (APoq) 8 kW 8 kW

Mode I. The conventional APC algorithm without any
MPPT, means APC alone [9] for single stage PVGT system
is presented in Fig. 10. In this mode the operating point
shifts towards the point ‘y’ i.e., the right side of the PV
curve as shown in Fig. 10(d).
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Figure 10. Conventional CPG algorithm for single stage system: (a) DC
reference voltage (b) PV output voltage (Vy), (c) PV output power (Py)
and (d) PV- plot showing the operating point shifts towards ‘y’

At ¢=3s, the G is 1 kW/m? and the voltage sets to 850 V
which sets the operating point at point ‘k’ as shown in Fig.
10(d). The voltage and time execution of APC is taken as 6
V and 0.1 s respectively, which will generate the power
oscillation until # = 4 s. At this instant, the set power (Ps,,) is
greater the generated power from the PV string, where the
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P, for APC mode is considered as 40 kW. During =6 to 9
s, the operating point is at ‘I’ and is at G of 0.4 kW/m®>
which is exactly at the MPP of that curve. At time =9 s the
value of G increases drastically beyond the STC and sets to
1.25 kW/m” and the operating point shifts towards the point
‘y’. Finally, if G decreases to 0.6 kW/m® at r = 12 s the
operating point is at point ‘m’, at this instant the P, is
approximately equaled to the P,,,. Further, if the G increases
again to STC then the operating point shifts to the point ‘o’
which is same as the point ‘k’. This mode generates a power
oscillation of 1 to 2 kW and an error of about +1 to +2% and
the complete operation states the operating point reaches
around the right of MPP. The dc voltage reference (Vy.,.s) at
APC, PV output voltage (V) at the inverter input and PV
output power (P,.) is presented in Fig. 10(a), Fig. 10(b), and
Fig. 10(c) respectively.

Mode II. The conventional APC algorithm alone without
any MPPT [9] for dual stage PVGT system is presented in
Fig. 11. In this mode, the operating point shifts towards the
point ‘x’ i.e., left the side of the PV curve as shown in Fig.
11(d).
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(d)
Figure 11. Conventional CPG algorithm for Dual stage system: (a) DC
reference voltage (b) PV output voltage (V4), (c) PV output power (Py)
and (d) PV- plot showing the operating point shifts towards ‘x’

Att=3s, the G is | kW/m® and the voltage sets to 310 V
which sets the operating point at point ‘p’ as shown in Fig.
11(d). The Verupconormar A0A Ty gpc-normar are taken as 1 V and
0.1 s respectively for healthy condition and for Fault or
transient conditions the Vexypc e and T apc.puur is 3 'V and
0.002 s respectively, which will generate the power
oscillation until # = 4 s. During ¢t = 6 to 9 s, the operating
point is at ‘q” and is at G of 0.4 kW/m?, which is exactly at
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the MPP of that curve. At time # = 9 s the value of G
increases drastically beyond the STC and sets to 1.25
kW/m® and the operating point shifts towards the point ‘x’.
Finally, if G decreases to 0.6 kW/m® at £ = 12 s the operating
point is at point ‘r’, at this instant the P, is approximately
equaled to the Py,. Further, if the G increases again to STC
then the operating point shifts to the point ‘s’ which is same
as the point ‘p’. This mode also generates power oscillations
of 1 kW to 2 kW and an error of about +1 to +2% for dual
stage systems. The dc voltage reference (Vy.,.;) at APC, PV
output voltage (V,.) at the inverter input and PV output
power (P,.) is shown in Fig. 11(a), Fig. 11(b), and Fig. 11(c)
respectively.

Mode III. The conventional APC algorithm alone
without any MPPT [9] for dual stage PVGT system is
presented in Fig. 12, with the operating point shifts towards
the point “y’ i.e., the right side of the PV curve as presented
in Fig. 12(d). Atz =3 s, the G is 1 kW/m* and the voltage
sets to 310 V which sets the operating point at point ‘k’ as
shown in Fig. 12 (d).

500 : v !
=
— 450 " |
s " |
o lf-_ l_'-
=7 400 . : L
0 5 10 15 20
Time (s)
(a)
500 v
> 450
(5]
>‘ﬂ
400 .
5 10 15 20
Time (s)

(b)

0 5 10 15

20
Time (s)
(c)
for sy .
G=1.25 kw/m" l Operating
¢ point towards
sor G=1kwm’ 0, v 1
o= 40 KW m
g 40 P =40 kW y
=
% 30 F T [ k, 0 |
° A
* )
20 1 4
10 - G=0.6 kw/m’ |
° | ‘ | G = 0.4 Jow/m’
0 100 200 300 400 500 600
Vdc v

(d)
Figure 12. Conventional CPG algorithm for Dual stage system: (a) DC
reference voltage (b) PV output voltage (V4), (c) PV output power (Py.)
and (d) PV- plot showing the operating point shifts towards ‘y’

The Vo upcnormai A4 Toxspcnormar ar€ taken as 1 V and 0.1
s respectively for healthy condition and for Fault or transient
conditions the V. 4pc.juur AN Toxspcpue is 3 'V and 0.002 s
respectively, which will generate the power oscillation until
t=4s. During ¢t = 6 to 9 s, the operating point is at ‘I’ and is
at G of 0.4 kW/m’ which is exactly at the MPP of that
curve. At time ¢ = 9 s the value of G increases drastically
beyond the STC and sets to 1.25 kW/m® and the operating
point shifts towards the point ‘y’. Finally, if G decreases to
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0.6 kW/m® at t = 12 s the operating point is at point ‘m’, at
this instant the P, is approximately equaled to the Py,
Further, if the G increases again to STC then the operating
point shifts to the point ‘0’ which is same as the point ‘k’.
This mode also generates power oscillations of 1 kW to 2
kW and an error of about =1 to 2% for dual stage systems.
The dc voltage reference (Vy...r) at APC, PV output voltage
(V4) at the inverter input and PV output power (Py) is
shown in Fig. 12(a), Fig. 12(b), and Fig. 12(c) respectively.

Mode IV. The proposed APC algorithm with INC MPPT
called an EAPC strategy for single stage PVGT system is
presented in Fig. 13, with the operating point shifts towards
the point ‘y’ i.e., left the side of the PV curve as shown in
Fig. 13(e). The proposed algorithm able to shift the INC
MPPT mode to APC by taking the two set powers P;,,; and
Py.r as 35 kW and 25 kW, respectively. At ¢t =0 to 3 s, the
voltage gets increased to 881 V as shown in Fig.13(a),
which sets the operating point at point ‘y’ for the set power
of P,y = 35kW as shown in Fig. 13(e). The V4pc-norma and
Tox-apCnormar are taken as 6 V and 0.1 s respectively for
healthy condition and for fault or transient conditions the
Vevapcaur N4 Toxapcpur 18 8 'V and 0.002 s, respectively.
During ¢ = 6 to 9 s, the operating point is at ‘k’, for the set
power of Py,,=25kW. At this instant, the voltage may go
beyond the open-circuit voltage. At time ¢ =9 s, the value of
G decreases drastically to 0.3 kW/m?” and the operating point
shifts towards the point ‘I’, which is exactly at the MPP of
that curve. This proposed mode generates very fewer power
oscillations of 0.5 kW to 1 kW and an error of about +0.5 to
+0.9% which is very less oscillation as compared with
conventional P&O algorithm for single stage systems as
noticed from Fig. 13. The conventional and proposed PV
output voltage (V) at the inverter input and PV output
power (P, is shown in Fig 13(a), 13(b), 13(c), and 13(d)
respectively.
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Figure 13. Proposed EAPC strategy for single stage PVGT system. (a) PV
output voltage (V) of Conventional APC with P&O MPPT, (b) PV output
power (P,) of Conventional APC with P&O MPPT (c) PV output voltage
(Vac) of proposed EAPC strategy, (d) PV output power (P,) of proposed
EAPC strategy (e) PV- plot showing the operating point shifts towards ‘y’

Mode V. The proposed APC algorithm with INC MPPT
called an EAPC strategy for dual stage PVGT system is
presented in Fig. 14, with the operating point shifts towards
the point ‘x’ i.e., left the side of the PV curve as shown in
Fig. 14(e). The proposed algorithm able to shift the INC
MPPT mode to APC by taking the two set powers P;,,; and
Py.r as 35 kW and 25 kW, respectively. At ¢t = 0 to 3 s, the
voltage gets increased to 410 V as shown in Fig.14(a),
which sets the operating point at point ‘y’ for the set power
of Py,;; = 35kW as shown in Fig. 14(e). The V,..4pc.norma and
T ox-upCnormar are taken as 1 V and 0.1 s respectively for
healthy condition and for fault or transient conditions the
Vev-apcaur a4 Toxapcpaur 18 3 'V and 0.002 s, respectively.
During ¢ = 6 to 9 s, the operating point is at ‘p’, for the set
power of P,,,=25kW. At time ¢t = 9 s, the value of G
decreases drastically to 0.3 kW/m® and the operating point
shifts towards the point ‘q’, which is exactly at the MPP of
that curve.
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Figure 14. Proposed EAPC strategy for dual stage PVGT system. (a) PV
output voltage (V) of Conventional APC with P&O MPPT, (b) PV output
power (P,) of Conventional APC with P&O MPPT (c) PV output voltage
(V) of proposed EAPC strategy, (d) PV output power (P,) of proposed
EAPC strategy (e) PV- plot showing the operating point shifts towards ‘x’

This proposed mode generates very fewer power
oscillations of 0.5 kW to 1kW and an error of about £0.5 to
+0.9% which is very less oscillation as compared with
conventional P&O algorithm for dual stage systems as
noticed from Fig. 14. The conventional and proposed PV
output voltage (V,.) at the inverter input and PV output
power (P,) is shown in Fig 14(a), 14(b), 14(c), and 14(d)
respectively.

Mode VI: The proposed APC algorithm with INC MPPT
called an EAPC strategy for dual stage PVGT system is
presented in Fig. 15, with the operating point shifts towards
the point ‘y’ i.e., left the side of the PV curve as shown in
Fig. 15(e). The proposed algorithm able to shift the INC
MPPT mode to APC by taking the two set powers Pj,,; and
P> as 35 kW and 25 kW respectively. At £ =0 to 3 s, the
voltage gets increased to 430 V as shown in Fig.15 (a),
which sets the operating point at point ‘y’ for the set power
of Py.;; = 35kW as shown in Fig. 15(e). The V,._spc-norma and
Tox-apcnormar @re taken as 6 V and 0.1 s respectively for
healthy condition and for Fault or transient conditions the
Vevapcau a0d T apcymu 15 8 V and 0.002 s respectively.
During ¢ = 6 to 9 s, the operating point is at ‘k’, for the set
power of P,,=25kW. At this instant, the voltage may go
beyond the open-circuit voltage. At time ¢ =9 s, the value of
G decreases drastically to 0.3 kW/m?” and the operating point
shifts towards the point ‘I’, which is exactly at the MPP of
that curve.
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Figure 15. Proposed EAPC strategy for dual stage PVGT system. (a) PV
output voltage (V) of Conventional APC with P&O MPPT, (b) PV output
power (P,) of Conventional APC with P&O MPPT (c) PV output voltage
(V4e) of proposed EAPC strategy, (d) PV output power (P,) of proposed
EAPC strategy (e) PV- plot showing the operating point shifts towards ‘y’

This proposed mode generates very fewer power
oscillations of 0.5 kW to 1 kW and an error of about 0.5 to
+0.9% which is very less oscillation as compared with
conventional P&O algorithm for single stage systems as
noticed from Fig. 15. The conventional and proposed PV
output voltage (V) at the inverter input and PV output
power (P4) is shown in Fig 15(a), 15(b), 15(c), and 15(d)
respectively.

Finally, the proposed EAPC strategy results in better
performance by reducing the voltage and power oscillations
sensitively in the output as compared with the conventional
APC strategy with P&O which is available in the literature.
The proposed EAPC strategy is robust and able to operates
at both sides of MPP within the safety limits along with the
improved performance by reducing the output power
oscillations.

VI. EXPERIMENTAL VERIFICATION

The proposed novel EAPC strategy is implemented by
using a 1 kW PVGT system along with a DC-DC converter,
INC MPPT controller and the Inverter circuits. The INC
MPPT controller is realized using the 1708066 nC
Microchip, the boost converter and Inverter switches are
realized using silicon IRPF 150N MOSFET devices are
shown in Fig. 16 and Fig. 17. The experimental results
present the output powers for both APC along with P&O
and APC with INC strategy. Two operating modes were
considered in order to obtain the performance of both
systems.
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Figure 16. Overall Experimental setup for EAPC strategy
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Figure 17. Experimental setups for MPPT, DC-DC Boost converter and
Inverter

Mode I: The converter operates in MPPT mode up to ¢ =
4's,and at = 4 s to 5.5 s the controller sets the power to
Py.; = 300 W. It is noticed that during this transition from
one mode to another mode APC with P&O generates high
power oscillations as compared with the APC with INC as
presented in Fig. 18. At ¢t = 5.5 s the controller sets the
power to Py, = 400W, then the output power gets shifted
Py to Py As compared with the conventional APC with
P&O, it is clear that from the results obtained the proposed
algorithm has fewer power oscillations during MPPT mode,
APC mode as well as the transition periods also. By taking
the values from experimental setup using data logger the
experimental results were plotted as presented in Fig. 18.

I

APC with P&O MPPT

400 W o= tams e

oW — T T T T

MPPT Mode Py, =300 W

-

APC Mode

3 4 5 6 7 8
Figure 18. Experimental results of EAPC strategy for Py and Py

Mode II: The converter operates in MPPT mode during ¢
=0 to 4 s and from ¢ = 5.5 s. This mode linearly decreases
values of G from STC to 300 W/m® and the output powers
in both cases were plotted as presented in Fig.19. Att=4s
to 5.5 s, the controller sets the power Py,; to 300 W along
with the decrease in the G to 700 W/m’. It is noticed that
during this transition from one mode to another mode APC
with P&O generates high power oscillations as compared
with the APC with INC. At ¢ = 5.5 s the controller again
operates in MPPT mode, then the output power gets

Volume 21, Number 3, 2021

decreases to around 200 W. As compared with the
conventional APC with P&O, it is clear that from the results
obtained the proposed algorithm has fewer power
oscillations during MPPT mode, APC mode as well as the
transition periods also. In this mode also APC with INC
MPPT has better results as compared with the conventional
method.

B APC with P&O MPPT

APC Mode

WOWE——— — — —

W ——————

......MPPT Mode . Blaa_ ... ...ia..i
] ,"""‘?""h'“*" 4
| Pus300w MPPT Mode
|
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Figure 19. Experimental results of EAPC strategy for linear decrease of
irradiance

VII. CONCLUSION

The proposed novel enhanced active power control
strategy will enhance the tracking efficiency significantly
and reduces the power oscillations during maximum power
point tracking mode as compared to the previous active
power control with perturb & observe existed in the
literature. The proposed algorithm mitigates the power
losses significantly by generating very few power
oscillations of 0.5 kW to 1 kW and an error of about +0.5 to
+0.9 % which is very less oscillation as compared with the
conventional perturb & observe -active power control
algorithm which generates a power oscillation of 1 kW to
2 kW and an error of about +1 to +£2 %. This algorithm also
moves the operating point to the right or left-side of
maximum power point region and flexible to operate for
single- or two-stage photovoltaic grid tied systems. During
steady state and varying irradiance conditions the active
power control algorithm along with incremental
conductance maximum power point tracking will results in
reduced power oscillations and the proportional integral
controller is used for obtaining quick dynamic response. The
simulation and experimental validations reveal its generality
and applicability to the photovoltaic grid tied systems with
reduced power oscillations.
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NOMENCLATURE

EAPC Enhanced Active power control

APC Active power control

MPPT Maximum power point tracking

PVGT Photovoltaic Grid Tied

INC Incremental conductance

Vupp Maximum power point voltage

P&O Perturb and observe

Ppyout Output power from PV

Py Set power

Ve Open circuit voltage

Py Power generated from PV string

Pincmppi Incremental conductance MPPT power output

X Operating point left of MPP

y Operating point right of MPP

Vi Voltage at operating point ‘x’

v, Voltage at Operating point ‘y’

STC Standard Test Conditions

Ve Short circuit voltage

AV Instantaneous voltage

Vresent Voltage at present iteration

Vorevious Voltage from previous iteration

AP Instantaneous power

Ppresent Power at present iteration

Pprevious Power from previous iteration

Varc Voltage at APC mode

Tapc Time period at APC mode

AP Threshold power

Al Instantaneous current

D Duty cycle

G Irradiance

Vae DC bus voltage

Ve Grid voltage

Pyysiem Total PVGT system voltage

Tex-4pC-normal
Vex-apCenormat

Execution Time of APC at healthy conditions
Execution Voltage of APC at healthy conditions

Tev-aPC-fauit Execution Time of APC at fault conditions

Vex-apC-faute Execution Voltage of APC at fault conditions
ex-previous Previous executed voltage

Texmppe Execution time of INC mppt.

Vex-apC-normal Execution Voltage of INC mppt.

Py Power at MPP

Lpp Current at MPP

PI Proportional Integral controller



