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Derated Mode of Power Generation in PV
System Using Modified Perturb and Observe
MPPT Algorithm

Vinit Kumar and Mukesh Singh

Abstract—In a grid-integrated photovoltaic system (GIPVS),
there exist issues such as surplus active power and inadequate
performance of maximum power point tracking (MPPT). A sur-
plus active power causes the overvoltage problem at the point
of common coupling in low- or medium-voltage grid during the
peak hours of power generation. Additionally, the inadequate
performance of the MPPT algorithm results in power loss due
to high settling time during the sudden change of irradiance.
Therefore, to solve the surplus power problem, the curtailment
of active power is suggested with improved MPPT algorithm
under variable irradiance conditions. In this paper, a derated
power generation mode (DPGM) control strategy is presented
for the curtailment of active power. Additionally, a drift-free
(named as modified) perturb and observe (P&QO) technique is
also proposed to improve the performance of the MPPT algo-
rithm. Consequently, the DPGM control scheme with the inter-
mediate boost converter shaves the surplus active power during
the peak hours of power generation. Furthermore, the modified
MPPT algorithm deals with the fluctuation of irradiance during
non-peak hours. Thus, the proposed control scheme delivers in
a more efficient system during the peak hours of power genera-
tion. In addition, it reduces the power loss and settling time
during the change of irradiance for non-peak hours. Based on
the proposed control scheme, a 30 kW system has been simulat-
ed in MATLAB/Simulink using Simpower tools under different
environmental conditions.

Index Terms—Derated power generation mode (DPGM), grid-
integrated photovoltaic system, intermediate boost converter,
modified perturb and observe, voltage source inverter.

NOMENCLATURE
AD Step size of duty ratio
APpy, Change in photovoltaic (PV) power
AT Temperature difference between actual and
standard test condition (STC)
AVpy Change in PV voltage
60 Angular frequency of grid voltage
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ViV, d-axis and g-axis reference voltages of in-
verter

V5 i Reference DC-link voltage for inverter

VoV, d-axis and g-axis voltages of inverter

Vv, Thermal voltage of diode

V pcotink Measured DC-link voltage of inverter

Ve Output voltage of boost converter

Viwp Voltage at MPP

Vo Voltage of PV array

Vi Vs Vie  Grid-side voltages of grid-integrated PV sys-
tem

Vir Vg d-axis and g-axis voltages of power grid

Vi Vi Ve Terminal voltages of inverter

I. INTRODUCTION

OWADAYS, the integration of renewable energy sourc-

es (RESs) is increasing in power generation due to the
shortcoming of fossil fuels. RESs include wind energy, solar
energy, hydro energy, fuel cell and tidal energy. Among
these RESs, the installation of photovoltaic (PV) solar sys-
tem is advantageous due to low-cost maintenance. Therefore,
the integration of the PV systems is booming in the renew-
able energy market. However, the PV power generation de-
pends upon the irradiance, which affects the power genera-
tion but can be improved by power forecasting [1], [2]. Addi-
tionally, the use of PV systems has exponentially increased
due to the advancement in power electronic research [3]. PV
systems are classified as stand-alone PV, grid-integrated PV
and hybrid PV systems. Among these, the grid-integrated PV
system (GIPVS) has an advantage over others due to its
bulk power transfer capability. However, the GIPVS has
some disadvantages such as overvoltage at the point of com-
mon coupling (PCC) during surplus power generation. Addi-
tionally, the maximum power point tracking (MPPT) algo-
rithm takes more settling time, which causes power loss un-
der variable irradiance condition. These issues affect the
smooth functioning of the GIPVS. The effect of high
amount of power generation during peak hours is the great-
est, which causes overvoltage in the grid. It also affects the
safety of equipment in the grid such as transformers, circuit
breakers, relays or contactors (for low or high voltage appli-
cation, respectively) and conductors. In addition, the tracking
capability of MPPT algorithms get affected due to the ran-
dom change of irradiance. These issues impose extra cost
when the equipment gets damaged. Therefore, a suitable con-
trol approach and the MPPT algorithm are required.

Many researchers have contributed to solving the prob-
lems such as overvoltage and inadequate performance of
MPPT in GIPVS. Reference [4] presents a generation curtail-
ment technique to prevent the rise of voltage and reverse
power flow in the low-voltage distribution network from
high penetration of PV power. However, no control tech-
nique is recommended to minimize the switching losses and
increase the utilization of the inverter. Furthermore, [5] pres-
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ents a droop-based curtailment approach to protect the grid
from overvoltage. Although this scheme increases the power
loss compared with normal active power curtailment, it af-
fects the revenue of the system. Similarly, [6] suppresses the
power fluctuation of GIPVS using various approaches such
as battery storage, dump loads and software-based power
curtailment. However, the aforementioned approaches have a
high installation cost except power curtailment. Likewise,
[7] proposes a reduced power generation mode control algo-
rithm to suppress the output power of the system. It works
in reduced power generation mode when generated power ex-
ceeds the system rating, although the proposed control strate-
gy fails to reduce the power losses during power curtailment.

Reference [8] proposes a constant power generation
scheme to reduce thermal loading, improve the inverter utili-
zation and reduce the switching losses of inverter during rap-
id irradiance change. However, no appropriate method is pre-
sented to decide the power limit. In addition, [9] and [10]
present a constant power generation scheme for the over-
shoot, power loss and active curtailment. The power- or cur-
rent-based scheme is used in fast dynamic response and
MPPT for high robustness, although no other MPPT is used
except the perturb and observe (P&O) technique. Similarly,
[11] has also proposed a constant power generation scheme
for the single-stage and two-stage three-phase GIPVSs. In
this scheme, a voltage-based curtailment approach is pro-
posed along with the flexibility of operation points. Howev-
er, the main shortcoming of this scheme is that it does not
suggest any suitable approach to decide the voltage opera-
tion point during variable irradiance, although only the con-
ventional MPPT is used to find the operation point.

Therefore, to derate the PV power during peak hours of
power generation, the applied control schemes in the afore-
mentioned literature have the following limitations:

1) Most of the existing technologies are based on conven-
tional MPPT (P&O and incremental conductance) techniques.
2) Implemented systems are mostly single-phase GIPVSs.

3) A proper tracking strategy has not been proposed,
which can reduce the power loss during the search of maxi-
mum power point (MPP).

The aforementioned limitations can be resolved through a
proposed derated power generation control scheme with a
modified MPPT. The proposed scheme will perform in both
peak and non-peak hours of power generation, and improve
the tracking capability of the MPPT algorithm. It will re-
solve the problems such as overvoltage, drifting, oscillation
near the MPP, and tracking speed. As a result, the power
loss during the search of operation point will be reduced at
variable irradiance level. Hence, a suitable MPPT algorithm
is required.

Many researchers have classified various MPPT tech-
niques on the basis of the properties such as tracking speed
[7], complexity [12], MPP oscillation [13], accuracy and effi-
ciency [14]. Reference [12] has compared many classical
MPPT techniques based on array configuration, accuracy,
cost of the system and tracking speed. However, [12] pres-
ents the application-based MPPTs which are not applicable
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for every system. Reference [15] presents the comparison of
various MPPT algorithms according to the PV application.
Similarly, [16] also presents a review of many MPPT algo-
rithms. The review is based on the control strategy, circuitry,
and the application cost. This review reflects that the P&O
is less complex with fast tracking capability amongst all al-
gorithms presented. However, P&O is less accurate and con-
sumes more power in MPPT during variable irradiances.
Therefore, many modified P&O MPPT algorithms have been
presented to overcome these problems. In this respect, [17]
has proposed a modified P&O algorithm which resolves the
drift problem during unpredicted irradiance change. As a re-
sult, this MPPT presents high efficiency and less power loss
when tracking the operation point. Reference [18] has pre-
sented an adaptive P&O algorithm with predictive current
control. However, it fails to consider the inductance change
which influences the tracking accuracy of the algorithm.
Similarly, [13] proposes a modified P&O algorithm with dy-
namic perturbation step size and a boundary condition to en-
hance the efficiency of the algorithm. Although this directs
the system towards the operation point, it fails to handle the
irradiance changes. Furthermore, [19] and [20] have pro-
posed a dual-mode P&O algorithm with variable step-size,
which resolves the problem of oscillation near the MPP and
MPPT speed. However, the employed algorithm has a slight-
ly higher cost compared with the traditional P&O, and is un-
able to identify the drift problem during variable irradiance
condition. Hence, a modified MPPT technique needs to be
proposed, which can resolve the aforementioned problems.
The issue of excess power generation during peak hours
affects the distribution network. Therefore, it is required to
limit the power transfer during peak hours. The power trans-
fer is limited by introducing the tap-changing transformer
and voltage regulator, increasing the conductor size, and us-
ing storage and curtailment approaches [5], [21]. Among all
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methods, the curtailment of surplus power is the most suit-
able [4]. In this respect, [6] has proposed a derated mode ap-
proach for curtailment of the surplus power. Likewise, vari-
ous methods of derated mode operation are addressed in the
literature. A current, voltage, power and P&O MPPT based
derated power generation mode (DPGM) is implemented.
P&O based DPGM is the most suitable due to less complexi-
ty. However, the system will have less efficiency and accura-
cy. Additionally, the algorithm oscillates near the operation
point, i.e., drifting from the operation point in the random di-
rection. Therefore, a novel MPPT algorithm is required to
keep the system in DPGM with higher efficiency, accuracy,
less drift, and the minimum power loss.

The significant contributions of this paper are summarized
as follows.

1) A derated-mode GIPVS has been proposed to limit the
power transfer and resolve the overvoltage problem at PCC
during peak power generation.

2) The proposed scheme introduces a modified MPPT,
which limits the power transfer.

3) This MPPT algorithm results in improved tracking
speed and efficiency, which reduces the power loss under
variable irradiance condition.

The remainder of the paper is organized as follows. Sec-
tion II presents the system framework and its working strate-
gy. Section III elaborates the proposed control strategy of
GIPVS. Further, the simulation results are presented in Sec-
tion IV to support the proposed control strategy. Finally, the
conclusion is presented in Section V.

II. SYSTEM FRAMWORK AND WORKING STRATEGY

This section briefs the system structure and proposed con-
trol strategy of GIPVS. The proposed system consists of two
stages as shown in Fig. 1.

la N yal Va
4;Cl'" DC- ¥§Ollt 1};\\ /Vh = —
T _| link T~ _| -
Intermediate 1. V.
boost converter Y VSI (DC-AC) )
(DC-DC) Power grid
PWM PWM signals
PV voltage . DC-link voltage Grid current
Derated mode/modified
P&O MPPT control | Reference voltage|  VSI control
PV current Grid voltage
Stage 1 Stage 2

Fig. 1. Block diagram of proposed two-stage three-phase GIPVS.

Stage 1 includes a PV array, input capacitor C,,, boost
converter, and the MPPT control. In the proposed system, a

modified MPPT algorithm has been implemented which
works in DPGM and modified MPPT mode. The DPGM
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gets activated when the generation exceeds the pre-defined
power limit P,,,; otherwise, it works in the modified MPPT
mode [8]. Furthermore, the modified MPPT generates a
pulse width modulation (PWM) signal for the boost convert-
er to get a desired DC-link voltage level. On the other hand,
Stage 2 is interfaced with DC-link capacitor C,,. Stage 2
consists of an insulated gate bipolar transistor (IGBT)-based
voltage source inverter (VSI), and is integrated with the
grid. The interfacing inductors are used between the inverter
and the power grid to inject current as well as generated
power with the help of inverter control. The inverter control
of the proposed system is based on a dual control loop and
the power grid synchronization technique. The control of the
system is obtained in synchronously rotating or dg reference
frame [22]. This consists of a direct (d) and quadrature (q)
axis, which deals with the active and reactive power control,
respectively. Furthermore, the controller generates the PWM
signals to trigger the VSI and transfer power. Finally, the
complete system is developed and simulated for a 30 kW
two-stage three-phase GIPVS.

III. PROPOSED CONTROL TECHNIQUE

In this section, the control approach of each converter
used for the first and second stage of the system has been
presented. In the first stage, the functionality of MPPT with
the boost converter is illustrated in the upcoming subsections.

A. Conventional P&O MPPT Algorithm

In the MPPT technique, the extracted voltage and current
from the PV source are provided to the boost converter as
shown in Fig. 2, where the inductor L,, diode D,, capacitor
C,y, and switch S, are the designed components of the boost
converter which provides the required voltage level with the
MPPT controller.

PV current

|

PV

R;, ::CPV _{Sﬁ% Coui:DC—link R,,
voltage f‘> voltage f‘>

D
PV voltage
P&O MPPT
— | algorithm
PV current

Fig. 2. Circuit diagram of DC-DC boost converter with MPPT control.

This controller reaches the operation point using direct du-
ty ratio three-step strategy on the power-voltage (P-V) char-
acteristic curve as shown in Fig. 3. V,,(k), V,,(k—1), and
Vo, (k+1) are the voltages of PV array at, before, and after
the k" instant, respectively; whereas the k" instant defines
the selected operation point on the P-V characteristic curve.
The region of the operation point depends upon the slope of
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the power (change in PV power, i.e., AP,,). The three-step
approach is considered for the left and right operation re-
gions of the P-V characteristic curve. In the left operation re-
gion, the slope of the power is positive with respect to the
voltage, so it moves forward towards the operation point. In
the right operation region, the power slope is negative with
respect to the voltage, so it moves back towards the opera-
tion point as depicted below.

Ppy
AP=0
PA /< .
AP>0 /2P, ff’sl
P, P AP<0
Py b
P
/ W VMPPE L Vo
Vekk=1) /" Vo lkt1) Vpdk=1) Vekt1)
Ve k) 1 Vpik)

Left operation region 1 Right operation region

Fig. 3. Searching strategy of conventional P&O MPPT algorithm.
— ™50 Move forwards towards MPP
dVpy,
" <0 Move back towards MPP )
dv,,
dpr
—"=0 AtMPP
dVp,

The corresponding increment and decrement in the duty
ratio are due to the change of input power with respect to
voltage. Consequently, the impact of the change in duty ratio
on output voltage V. and current /,. of boost converter can
be illustrated as:

1
VDC = E VPV (2)
IDC: PV(I_D) (3)
The ratio of V,. and [, is the output impedance R, of
the boost converter which is calculated as:
VDC Rin
= = (4)

out — [DC - (1—D)2
At constant R,,, the value of R, is inversely proportional
to the duty ratio. Therefore, to achieve the maximum power,
voltage and current at a particular duty ratio, the value of

R, is depicted as:

out

out

14
R - MmpP

out —

)

Lypr

Moreover, the performance of P&O depends upon the in-
crement or decrement in step size AD of the duty ratio [23].
The smaller the value of AD is, the longer the time response
to achieve the MPP will be, which results in power loss. On
the other hand, with a large step size, the response time is
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short, but the drift problem occurs during the variable irradi-
ance condition [17] due to the lack of knowledge of direc-
tion, i.e., an increase in AP,, is due to variable irradiance or
perturbation of AD. Therefore, it gets confusing for the oper-
ation point whether it should move towards or away from
the MPP. Moreover, the conventional P&O only tracks the
MPP during peak or non-peak hours of power generation.
However, it does not participate in limiting the excess power

generated during peak hours.
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B. Modified P&O MPPT Algorithm

The proposed modified algorithm reduces the power loss
and reduces the search time of MPP. It also keeps the sys-
tem drift-free under variable irradiance condition. In addi-
tion, the proposed MPPT limits the excess power generation
during peak hours. The proposed algorithm operates in two
modes, i.e., modified MPPT mode and DPGM, which are il-
lustrated in Fig. 4.

v

Read Vy, (k) and I, (k) at the K instant

|

Calculate

PpR) = VpiAk)Lp (k)

AP k) = Ppyk) = Ppy(k = 1)

Update
Vpkk=1) = Vp (k)
Tp(k=1) = Ipy(k)
Pok=1) = Ppyk)

AV k) = Vi K) = Vol — 1) D=D,,
Alpy(k) = Ipi(k) = Ip{k — 1)
Y

| DPGM !

1 Y !

Modified MPPT mode A _ |

Y | 1

3‘ D,g=Dyyg—AD H Djg=Dyq+ AD H Dyg= D+ AD ‘ ‘ D,j4=Dyig— AD H Dy =Dyq+ AD ‘ 3 3 ‘ Dyjq=Dyiq—AD 3

Fig. 4. Flow chart of modified P&O MPPT algorithm.
Whenever the generated PV power is within the power Vv

transfer limit, the system works in modified MPPT mode. I,=N, I, ~1, (exp(NI; )— 1

Otherwise, the system works in DPGM as depicted below. s (7)

P.,(t) Modified MPPT mode for P,, <P
P,..(&) DPGM for P,,>P

1) Modified MPPT Mode

The modified MPPT mode of the proposed algorithm fol-
lows the direct duty ratio D in a three-step strategy as men-
tioned in Section III-A. In the strategy, a large value of AD
is considered for shorter response time. However, the large

limit

Ppc()= (6)

limit

value of AD creates the problem of drift during irradiance
change. As discussed in [17], the current level depends upon
the irradiance level, which can be explained for a single di-
ode model PV array, and the related equations are depicted
as [24], [25]:

G

I,=N, (L., +k/(AT)) G

The MPP value of the PV array delivered at particular R
is depicted as:

out

Ve 1
Ny ®)

By using Taylor’s expansion on (8) till the first order and
substituting (4) and (5), (8) can be rewritten as:
_ Np[sc

(-D)y* LN,

Rin NSVZ

IMPP :]\[p {Iﬂ‘ _]0 (exp(

MPP

)
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(1-DYN, I,

1-Dy LN,
R, NV,

in

Lypp =
(10)

R,

in

By substituting (7) into (9) and (10), V,,» and /,,,, can be
expressed as:

N} (L, +k,.AT)G£

n

Vier =

(11)

(1-Dy LN,
R[n NSVZ

(- DY N}(1,., +kAT) Gﬁ

n

-
MPP R (l—D)2 .\ ]uNp (12)
! Rin NS‘VZ

Therefore, the maximum value of V,,, and I,,, with re-
spect to G is expressed as:

2 (Ixcn + kIAT G dT)

dVyer ! G, i G, 'dG 13
dG (-Dy LN, (13)
R, NV,
(1_D)2N2(1m+k,.AT+G ’dT)
A, "\ G, G, ' dG
G~ (1-Dy LN ()
R, + ==
[ R, NSVJ

Since G is increasing, [, 1,, k, N,, N, V, and G, are
constants at STC, and G, D, and R,, are positive. Simultane-
ously, the temperature also increases with irradiance. There-
fore, in (13) and (14), all terms are positive as the irradiance
increases, which means that the voltage and current are posi-
tive with respect to irradiance, i.e., dV,,,/dG>0 and
dlypp/dG > 0. Similarly, dV,, /dG > 0, and dl,;,/dG > 0.

Thus, based on current, voltage and power information,
the drift problem can be avoided and analyzed as follows.

When the irradiance is increasing, point & shifts to point ¢
and then to point d on a new P-JV curve, as shown in Fig. 5.

Ppy
P
P MPP2. _‘EIF_T g
et
3/,/, - MPP3 ,

Voy
Vidk=1) Voyk) Vo lkt1) Vpyh)

Fig. 5. Drift analysis of operation point during variable irradiance condi-

tion.

On this curve, the differences between points » and d for
P, V, and [ are positive. It can be observed that the AV and
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Al are positive only when the irradiance is increasing. This
shows that the current information during MPPT is essential.
Further, based on these observations, AV and Al are positive,
which leads to the reduction in the duty ratio. Consequently,
the corresponding voltage decreases compared with the con-
ventional P&O, where the voltage increases. This means that
the operation point which is used to move away from the
MPP starts moving towards the MPP because of the current
information. It means that the operation point is not deviating
from the MPP during variable irradiance condition, or, in other
words, not drifting away from the MPP.
2) DPGM

In DPGM, the modified P&O MPPT algorithm gets acti-
vated during available surplus power. As we know, the peak
power rating of the installed PV array is always more than
the average power generated in the whole day. Thus, the PV
array generates surplus power during peak hours. Therefore,
to remove the surplus power, a power limit is required so
that the power can be transferred without affecting the distri-
bution network equipment. In this paper, a power limit P,
has been considered which is the average of power generat-
ed during 9 to 16 hours and is presented as:

P ()= P(ty)+P(t)+...+ P(t)
fimit fy+t+ .+l

(15)

When the generated power exceeds P,,,, the DPGM turns
on and shaves the surplus power. In Fig. 6, the power curve
is within the limit at every time instant (i.e., not reaching
the maximum generated power P, ), which shows the ac-
tive participation of DPGM.

v 4 Non-peak hours ; Peak hours ; Non-peak hours
power| Surplus power !
Polt----- \f Y A Derated power
peak i P - P
Piig | == == === - - e ~b-oo— F? generation
‘ zone
Power ! Modified
curve | MPPT
1 zone
ly Lis Time

<«—— Average power time ——

Fig. 6. Day-time power profile of a PV array.

Based on the above discussion in Sections III-A and III-B,
the conventional and proposed MPPT algorithms with boost
converter generate the DC power in the first stage. Further-
more, in the second stage, the generated DC power is provid-
ed to the VSI for power conversion with inverter control
which has been discussed in the previous subsection.

C. Inverter Control for Grid Integration

The generated DC power is converted into AC power us-
ing VSI. The obtained AC power is further injected into the
power grid with the help of inverter control as shown in Fig.
7. In this process, the inverter control performs voltage regu-
lation, current control and grid synchronization in synchro-
nous dg reference frame. The voltage regulation or outer
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loop produces the reference current /,. In this loop, the DC-
link voltage is compared with a pre-defined reference volt-
age using a proportional-integral (PI) controller which pro-
duces I, as shown in Fig. 8. On the other hand, in the inner
loop, the decoupled current control scheme is used to gener-
ate the gate pulses for the VSI. In this technique, I, is taken
as the reference current for the active power control. Similar-
ly, I, is the reference current for reactive power control,
which is set to be zero for transfering power at unity power
factor. Furthermore, both active and reactive power control-
lers generate the modulating signals as shown in Fig. 9. The
respective mathematical modelling of the system in Fig. 7 is
depicted below [26].

BEE

DC-link |
voltage T~ V. V. I, L R Vg
s, S, s,
J - 5 A

Is[sfslsisfs

DC-link —>| —
Inverter control

ref
VDC link I Vm/)c

sabc

Fig. 7. Circuit diagram of grid-integrated VSI.

+

@)
+
VDC—ref T
Vbe

Voltage regulation/outer loop of inverter control.

PI 1

Fig. 8.

Fig. 9. Current control/inner loop of inverter control.

d7; R

1
=——I+—W,-V,) i= 16
=Ll VY imabe (16)

The mathematical expressions of the system are of a high-
er degree in the natural reference frame (abc). Therefore, to
use a simple controller (i.e., PI) and realize less mathemati-
cal complexity, the present reference frame abc is trans-
formed into rotating reference frame dg using Park’s trans-
form [27], and the resultant equations are illustrated as:

d/ R 1

dtdz_f zliw[q+ Z(th_ V)

d/ R 1 (17
(th:_f["iwl‘ﬁ- z(qu— Vsq)
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Or:
dz, .
L—=-RI,+V' i=dygq (18)
dt
{V{ZV,d—V;dia)qu (19)
vV =V,-V,*oll,

sq —
As mentioned in [28], the terminal voltage of inverter re-

quires input DC-link voltage and modulation index. Hence,

in dg-reference frame, the modulation index is presented as:

Voc
V.=m,—
ti ml 2

By substituting (20) into (19), the modulating signals are:

i=d,q (20)

2 .
my=——(F, $CUL[.; +V)
Ve

; @1
m,=——V, FoLl,+V,)
VDC

These modulating signals m, and m, have been trans-
formed from dgq to abc to provide the gate signals (S,-S,) to
the VSI, which generates voltage and current. Since the pow-
er has to be transferred in the grid, the generated voltage and
current should be in phase. Thus, a phase-locked loop tech-
nique has been added in the system, which synchronizes the
generated voltage of VSI and the current with the power grid.

Finally, in the next section, the performance of the control
approaches will be evaluated and verified in MATLAB/
Simulink environment.

IV. SIMULATION RESULTS

A 30 kW two-stage three-phase GIPVS using modified
P&O MPPT algorithm is simulated in MATLAB/Simulink
environment with Simpower tools. The modified MPPT per-
forms derated power generation which restricts the power
generation when it exceeds P,,,. Simultaneously, the conven-
tional P&O algorithm is also examined to select a suitable
AD for the modified P&O algorithm under variable irradi-
ance condition. Thereafter, the performance of the conven-
tional and modified P&O algorithm are analysed in terms of
PV power, PV voltage, duty ratio, DC-link and output power
as follows.

A. Conventional P&O MPPT Algorithm

For the evaluation of input voltage deviation and response
time, the conventional P&O algorithm is tested for different
values of AD. Simultaneously, to test the robustness of the
system, the algorithm is evaluated under variable irradiance
condition. For the sake of evaluation, a small step size AD=
3x107 and a big step size AD=3x10" are considered.
From Fig. 10(a) and (b), due to the large step size, the oscil-
lation in input voltage is significant. Furthermore, it is evi-
dent that the duty ratio achieves a steady-state condition in
less time under variable irradiance condition, which is
shown in Fig. 10. Hence, it can be concluded that the fast
dynamic response can be achieved through a large step size.
However, the operation point oscillates near the MPP due to
large step size. To remove the oscillation near the MPP, a
modified P&O algorithm is adopted.
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Fig. 10. Steady state performance of conventional P&O algorithm. (a) At AD=3x 107", (b) At AD=3x10""

B. Modified P&O MPPT Algorithm

The performance of the modified P&O algorithm is evalu-
ated in two modes. One is the modified MPPT mode and the
other is the DPGM.

1) Modified MPPT Mode

In this mode, the modified MPPT works like the conven-
tional P&O until the power generation does not reach the
power limit. Besides, the modified algorithm provides the
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Fig. 11.
performance.

right direction and less variation in voltage of the operation
point towards MPP. Figure 11(a) depicts the variation in V,,,
which is less compared with the conventional P&O algo-
rithm. Simultaneously, the change in the duty ratio is posi-
tive when irradiance is increasing as discussed in the modi-
fied MPPT mode of Section III. On the other hand, when ir-
radiance is decreasing, the current decreases, so the input
voltage and the corresponding duty ratio increase.
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Dynamic performance of modified P&O algorithm in modified MPPT mode. (a) PV source output performance. (b) DC-link and inverter output
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Thus, V,, does not deviate and reaches the operation
point. In addition, the effect of irradiance change in DC-link
voltage, phase voltage V,, and current /, is shown in Fig.
11(b).

2) DPGM

The system enters into the DPGM when the net power
generation exceeds the power limit. In this mode, the modi-
fied P&O MPPT algorithm curtails the excess power. A pow-
er profile is presented in Fig. 6 which is based on the irradi-
ance change in a day. In this paper, the system is simulated
for t=15 s, where one second is scaled as one hour of the
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day to replicate the peak and non-peak hours of the power
profile. Figure 12(a) depicts that the system starts generating
power from #=0 and it enters into the peak-hour zone after
t=5 s. In this zone, the excess power is shaved using modi-
fied MPPT, and remains in this mode till #=9 s. During this
time, the system generates P, of 24 kW, which is the aver-
age power during 9 to 16 hours. The system performs in the
DPGM. Furthermore, the performance of V,,, duty ratio, DC-
link voltage, grid voltage, and current are presented in Fig.

12(b).
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Fig. 12. Dynamic performance of modified P&O algorithm in DPGM. (a) PV source output performance. (b) DC-link and inverter output performance.

C. Statical Analysis

Further, to analyze the performance of proposed modified
and conventional P&O MPPT algorithms, a statical analysis
has been presented in Table I, where SD is the standard devi-
ation. The statical analysis is presented in terms of mean and
SD of the settling time to meet V,,, and V4 . of the sys-
tem. In this respect, 30 trial runs are carried out to analyze
the performance of both the algorithms under constant and
variable irradiance conditions. The trial runs are performed
under constant irradiance condition, i.e., 600 W/m* for t=6
s. Whereas under variable irradiance condition at t=1.5 s, it
changes from 600 W/m?* to 400 W/m® and back from 400 W/
m? to 600 W/m? at r=3 s. In Table I, the mean and SD of
the settling time are summarized for the outcome of all 30
trials. The mean result of the proposed algorithm is better
than the conventional algorithm. Simultaneously, the SD re-
sults of the proposed algorithm are almost zero under con-
stant and variable irradiance conditions. The aforementioned
results indicate the high robustness and search capability of

the proposed modified P&O algorithm.

TABLE 1
PERFORMANCE ANALYSIS OF MODIFIED AND CONVENTIONAL P&O MPPT
ALGORITHMS
No Irradiance Evaluation Mean Conventional Modified
’ condition parameter or SD P&O P&O
M . .61
Under constant . ean 0768 06
| irradiance SD  2.2781x107  1.1391x10716
condition2 ; Mean 0.6312 0.57
S, o
(600 W/m®) “VBm D 0000410391 1.13906x1071¢
Under variable - Mean 1.9365 1.768
irradiance SD  0.03437793  0.00615587
2 ..
condition (6020 ; Mean 2.066 2.049
5 gzylrmu
0 400 Wim’) "o SD 0 0.003077935
Under variable Lvm Mean 3.265 3.237
irradiance ‘ SD  4.55626x107'6  0.03785012
3 ..
condition (400 Mean 3.5319 3.39

to 600 W/m?)

o pref
8V pe -tk

SD  0.004278465 4.55626x107'
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V. CONCLUSION

A two-stage three-phase GIPVS works in the DPGM to
curtail the extra feed-in power during peak hours. In addi-
tion, it avoids the drift phenomena which exists in tradition-
al P&O algorithm. Furthermore, the proposed algorithm
works in a modified MPPT mode during non-peak hours. In
this mode, the MPPT holds the information of current to dis-
tinguish irradiance change. Thus, it can estimate the search
direction towards MPP during irradiance change. Thereby,
the operation point does not diverge from the shortest path
of MPPT. Moreover, to enhance the tracking capability of
the modified MPPT, it is examined on different step sizes
AD. In this paper, a large step size has been chosen which
increases the response time and reduces the oscillation using
the proposed algorithm. The system is implemented for a 30
kW two-stage three-phase GIPVS and simulated in MAT-
LAB/Simulink environment using Simpower tools. The per-
formance of the system presents that the proposed algorithm
actively participates in power curtailment during peak hours
of power generation. Additionally, the performance shows
that the modified algorithm gives a faster response than the
traditional P&O algorithm under variable irradiance condi-
tion.
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