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Abstract

This paper presents a distributed maximum power point tracking (DMPPT) algorithm based on the reference voltage
perturbation (RVP) method for the PV modules of a series PV string. The proposed RVP-DMPPT algorithm is developed to
accurately track the maximum power point (MPP) for each PV module operating under all atmospheric conditions with a reduced
hardware overhead. To study the influence of parameters such as the controller reference voltage (V,) and PV current (I,,,) on the
PV string voltage, a small signal model of a unidirectional differential power processing (DPP) based PV-Bus architecture is
developed. The steady state and dynamic performances of the proposed RVP DMPPT algorithm and small signal model of the
unidirectional DPP based PV-Bus architecture are demonstrated with simulations and experimental results. The accuracy of the

RVP DMPPT algorithm is demonstrated by obtaining a tracking efficiency of 99.4% from the experiment.
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I. INTRODUCTION

Solar energy is nonhazardous, freely available, abundant
power source that can be easily converted to electrical energy.
A number of PV modules are connected in series and many
such series strings are connected in parallel to enhance the
power capability of a PV system [1]. The PV current and
voltage vary significantly due to variations in atmospheric
irradiance and temperature. The current generated by a series
PV string is significantly limited by the non-uniform
illumination of PV modules in the string. The main factors
responsible for the non-uniform illumination among PV
modules in a string are partial shading, manufacturing defects,
aging, etc. [2], [3]. The configuration of a PV string with
non-uniform illumination and its corresponding I-V and P-V
characteristics are shown in Fig. 1(a) and Fig. 1(b),
respectively. In order to extract the maximum power from a
PV string operating under non-uniform illumination several
methods have been reported [4]-[6]. The solutions reported to
operate the PV modules in a string at their respective MPPs
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under non-uniform illumination include:

e The use of bypass diodes which leads to the bypassing of
entire PV modules from a string. This makes the
partially shaded PV modules inoperative and introduces
multiple peaks in P-V curve of a system [7]-[11].

e Reconfiguration MPPT (RMPPT), where the connections
between the PV modules in a system are modified to
obtain the best combination to extract the maximum
power [12]. The main drawback is the necessity of
switches and a relay setup and the periodical
disconnection of some PV modules.

e Distributed maximum power point tracking (DMPPT),
where the maximum power is extracted from a PV
string using dedicated DC-DC converters [13]. The
DMPPT method is implemented by two configurations,
which are known as full power dedicated DC-DC
converter (FPDC) methods [14]-[16] and a DPP with
the compensation power dedicated DC-DC converter
(CPDC) method.

The dedicated converter used in the FPDC configuration
processes the entire PV module power which requires
components of higher ratings. The overall efficiency of the
FPDC configuration is less due to increased losses in the
converter. The overall power conversion efficiency of a PV
system is improved by operating dedicated DC-DC converters

© 2018 KIPE
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Fig. 1. (a) Series PV string with non-uniform illumination. (b)
I-V and P-V characteristics.

only for differential power under non-uniform illumination
conditions [17].

Differential power processing (DPP) enables each of the
PV modules in a string to operate at its MPP by supplying a
small compensation current under non-uniform illumination.
The amount of the compensation current depends on the
difference between the currents of the most illuminated PV
module (MIPVM) in the string and the most shaded PV
[18]-[20]. The dedicated DC-DC
corresponding to the most illuminated PV modules do not

module converters
compensate any current while regulating the output voltage of
the respective PV module at the MPP. The dedicated
converters corresponding to the less illuminated PV modules
process only fractional power in order to supply compensation
current while regulating the output voltage of the PV module
at the MPP. This enables the component ratings for the DPP
based DMPPT to be low and the overall efficiency of the
configuration to be high. The DPP is generally implemented
using three types of configurations with a variety of converter
topologies. The configurations are built based on the
dedicated converter’s connections and communications with
the bus. The configurations are known as PV-PV, PV-Virtual
Bus and PV-Bus architecture as shown in Fig. 2(a), Fig. 2(b)
and Fig. 2(c), respectively. In the PV-PV architecture,
differential converters communicate with other PV modules.
In the PV-Virtual Bus configuration, differential converters
communicate with the virtual bus (an independent energy
storage element). Dedicated DC-DC converters communicate
with the main bus in the PV-Bus configuration. The
differential current under non-uniform illumination conditions
is compensated by using various DMPPT algorithms and
converter topologies. Current compensation is achieved in
[21] and [22], [23] by using a switched capacitor based
dedicated converter and a flyback converter based on the
DMPPT algorithm. The MPP of each PV module in the string
is determined by using separate analog units. Each analog
unit consists of a latch, a multiplier and a peak detector
circuit. The entire PV string is disconnected from the grid
during computation of the MPP. The DMPPT algorithm

determines the exact MPP of each PV module. However, this
requires extra hardware and an auxiliary supply.

Voltage equalization based DMPPT schemes are presented
in [24]-[28]. The string voltage is equally divided by N for N
PV modules in a string and individual PV modules are made
to operate at that voltage. This method does not guarantee the
operation of each PV module at their true MPP. The control
complexity also increases with scaled up systems. A duty
ratio perturbation based P&O algorithm is used in [29], [30],
which requires sensing of the PV current and PV voltage.

In this paper, a reference voltage perturbation (RVP)
DMPPT algorithm is proposed to compensate differential
currents under non-uniform illumination. The proposed RVP-
DMPPT algorithm is implemented on a unidirectional DPP
based PV-Bus configuration. Each of the PV modules in a PV
string is connected to the output terminals of a converter and
the output voltage is regulated by each of the digital
controllers by tracking the controller reference voltage. The
MPP of each PV module is determined by the proposed
RVP-DMPPT algorithm. In this algorithm the reference
voltage is perturbed for any change in atmospheric conditions
to reach the exact MPP. The PV current is sensed periodically
to identify changes in the operating point of a PV module. A
change in the PV current indicates a change in the MPP
which enables the MPP algorithm to determine a new MPP.
This algorithm does not require periodic PV voltage sampling
for PV power computation. The PV voltage is obtained from
perturbations of the controller reference voltage. The effects
of system parameters on the operation of the FPDC based PV
array are discussed by developing a small signal model of the
system [31]. A linearized small signal model is developed in
[32] for the bidirectional DPP based PV-virtual bus
architecture. The authors of [32] studied the frequency
response of the model for the operation of a PV system in
different operating regions. In the literature, various MPP
tracking methods have been proposed for the unidirectional
DPP based PV-Bus architecture. However, the small signal
model of the unidirectional DPP based PV-Bus architecture
and analysis are not discussed extensively.

In this paper, a small signal model of the unidirectional
DPP based PV-Bus architecture is developed. The effects of
parameters such as the controller reference voltage and PV
current on the PV string voltage are studied. The steady state
and dynamic performances of a system with the proposed
RVP-DMPPT algorithm are presented with simulation and
experimental results. This paper is organized as follows.
Section II presents the DPP based series PV configuration, a
description of the proposed RVP-DMPPT algorithm and
small signal modeling of the system. Section III describes the
design and implementation of the system with simulation and
experimental results. The conclusion is presented in section
Iv.
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Fig. 2. Types of DPP architectures. (a) PV-PV. (b) PV-Virtual Bus. (c) PV-Bus.
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Fig. 3. (a) DPP configuration of a PV string. (b) Single DPP unit.
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II. OVERVIEW OF THE WORK

A. DPP Based Series Configuration

The main objective of a DPP unit is to supply difference
current in order to extract the maximum power from a PV
string under non-uniform illumination. The basic
functionality of a DPP based series PV configuration is
described here. One of the major advantages of DPP is that
the converters are required to compensate only for the
differential power. This feature of the DPP topology
increases the overall system efficiency. The configuration of
a PV system with DPP units is shown in Fig. 3(a). The DPP
unit consists of a dedicated DC-DC converter with a
controller for each of the PV modules in a PV string. The
configuration of a DPP unit is shown in Fig. 3(b). Ideally,
none of the DPP units needs to compensate under uniform
illumination. The DPP unit is only required to process the



A Simple Real-Time DMPPT Algorithm for PV Systems Operating under ... 829

Ipvinew) > Ipvioiny +Alpy
or

Vinew) < pvoi) TAlpy

Sense Ipy and compute Power Py
Set Ipvoiy = Ipv

Vn:l'_vrd-AVn;f

I Sense Ipy and compute P» I

Compare P, and P, and
set the dir =high or dir= low

]

| Sense PV current Ipyinew) |

v
| Compute Power P |
P, =P

P, =P,
Viet=ViertAV s

P, =P,
Viet=Vier-AV

A 4

No
y
Yes P =P,
Viet=Vier+ BV iep
Py =P, Ipvold) =Ipvinew)s Dotd =Dnew
Vier=Vrer- AV, f
Ievion Zlevipes: Doig =Drew

Run voltage contro
loop

Fig. 5. Flowchart of the RVP-MPPT algorithm.

difference in power (Pgy) of a shaded PV module in a PV
string by supplying difference current to the string at its MPP.
The controller of the DPP unit continuously regulates the
output voltage of a PV module at its MPP voltage (Vpvupr)).

The amount of difference current (I;4) for a PV module
under non-uniform illumination is determined by the
following expression.
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Fig. 6. Simplified model of a PV module and a flyback converter.

where Ipy ;) is the current corresponding to a less illuminated
PV module. The string current (I,,,,) is equal to the current
corresponding to the most illuminated PV module in a PV
string. The currents Iy, Ipyy and I, correspond to the
secondary side of the DPP units in a PV string. The
differential current corresponding to a less illuminated PV
module is provided by the grid or auxiliary supply through
the primary side of the respective flyback converter. Hence,
the difference in power is computed with respect to the
primary side of the converters and expressed by the following
expression.

P, diff = VPV(Total)'I @

prim (i)
where P,y is the difference power supplied by the flyback
converter of a DPP unit, Vpy 7o is the total PV string

voltage, and I, corresponds to the primary current
supplied by the flyback DPP converter.

m
VPV(Tmal) = ZVPV(MPP)(Z')

i=1
J _ 1Dy
prim (i) \/;
where n is the turns ratio, D; is the duty ratio, and k is a
constant.

=2k ©)
RT,
The total difference power (Pur0iy) Supplied to the string
is:
P, diff (Total) — VPV(Total) Az prim “4)

m
Where [prim = z]prim(i)
i=1

The maximum effective power (P.;) extracted from the
string is:

I)eff = VPV(Tatal)Istring - I)di/j’(Tatal) (5)
m
= Z VPV(MPP)([)[PV(MPP)U) (6)

i=1
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Fig. 7. Equivalent circuits of a converter for three operating intervals. (a) Interval 1. (b) Interval 2. (c) Interval 3.

The maximum power from a PV string can be obtained
only when each of the PV modules operates at its MPP.
Therefore, the determination of the MPP of PV modules
becomes important. A simple reference voltage perturbation
DMPPT algorithm (RVP-DMPPT) is presented in the next
section.

B. RVP-DMPPT Algorithm

A DMPPT algorithm regulates the output voltage of each
PV module at its MPP by regulating the output voltage of the
dedicated converter of a DPP unit. In this paper, the MPP of a
PV module is determined based on the controller reference
voltage (V) perturbation method. This is done by setting the
controller reference voltage (V) at the MPP voltage of the
respective PV module (Vpyppp). The DMPPT algorithm
determines the new V. corresponding to the exact MPP by
running the MPPT algorithm at regular intervals. It is
assumed that the operating point of the PV module does not
change due to atmospheric changes during the process of
MPP determination. The change in the operating point on the
P-V curve is created with the reference voltage (Vi)
perturbation to find a new MPP. The algorithm runs on the
controller of each DPP unit. The PV module current is sensed
to compute the power at each perturbation to observe the
direction of the movement of the operating point. The
of the operating point
corresponding to the computed power determines the
direction of the perturbation of V ¢ on the P-V curve.

The determination of the MPP process starts based on the
location of the computed power (P) and the direction of the
movement of P on the P-V curve of a PV module. The power
(Py) is computed at instant 1 based on V. and Ipy,), which
correspond to the previous MPP. V¢ is decremented by AV ¢
and P, is computed with the current (Ipy;)) sensed at instant 2

direction of the movement

as shown in Fig. 4. The expressions of P; and P, are given
below.

P = Vref * ]PV(I) 7

PZ = (Vre;/'

_AVre/')*IPV(Z) ®)

P, and P, are compared. The location of the new operating
point is determined either on left hand side (LHS) or the right
hand side (RHS) with respect to the MPP based on P,< P, or

P,> P, of the new P-V curve. The variable dir is set to low or

high based on the location of the operating point on the LHS
or RHS, respectively. V¢ is continuously incremented or
decremented when dir is low or high until the MPP is reached.
The continuous comparison of P, and P, with the value held
by the dir variable is presented by (9) and (10).

Vi =V, + AV, if P, > R with dir = high €
Vg =V,p = AV, if P, > P, with dir = low (10)

The condition P,< Py, suggests that the MPP is crossed and
the MPP is determined at the previous instant (P;). The V
corresponding to P; is a new MPP and serves as a new V¢
for the controller. The PI controller regulates the output
voltage of the converter at a new Vi (Vpyaep). A flowchart
of the algorithm is presented in Fig. 5.

C. Modeling of the System

A small signal model of the DPP unit in a PV string is
developed in this section to study the dynamic behavior. A
linearized averaged model of the DPP unit is shown in Fig. 6.
The PV module is modeled as a constant current source (i,,)
with a variable resistance (R,,). The state variables of the
DPP unit are the inductor current (iy(t)) and capacitor
voltage(v(t)) of the flyback converter. The input variables
are the total PV voltage (v;(t)) and the PV current (i,(t)).
The control variable is the duty ratio of the flyback converter
D).

The analysis of the small signal modeling for the DPP unit
is described based upon small perturbations of the variables
about an operating point [33]. The variables are expressed as
follows.

O =I1,+i, 5 ve@®)=V.+v. ; ipv(t)zlpv+ipv ;
vu(O)=V, +v,: D()=D+d

The flyback converter in the DPP unit operates in the
discontinuous conduction mode (DCM). The structures of the
equivalent circuit under different operating intervals of the
flyback converter in the DCM are shown in Fig. 7(a), Fig. 7(b)
and Fig. 7(c). The expressions of the state variables for the
three equivalent circuits of the converter are presented in the
state space form for three operating intervals. In interval 1,
when the switch S is on and the diode D is off, the state space
equations corresponding to Fig. 7(a) are described by (11).
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Similarly, during interval 2, when the switch S is off and

~

the diode D is on, the state space equations corresponding to
Fig. 7(b) are described by (12).

1
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The state space equations during interval 3 when both the
switch S and the diode D are off, corresponding to Fig. 7(c),
are described by (13).

y 0 0 .
i _ -1 %« " 0 (1) Vin ;3
. 0o —— v 0 — || (13)
Ve R, C |L7c C L

In order to derive an averaged model of the system, the
equations of all three intervals are averaged over a switching

cycle.
0 % (14)
A=1_p, -
Lm vac
b
B=|Ln 1 (15)
0 R
C

The small signal model of the converter is obtained by:

;=A;+B;+f1a?l+gla?2 (16)
where:
fi=(4, - 4,)X, +(B, - BV, (17)
g = (4, —4)X, +(B, =BV, (18)
where:
X, =—A"'BV,

The transfer functions of interest are:
The transfer function between the output voltage and the
duty ratio.

A

G = v,(s) _V, 1 (19)

vo_d — A -
alsy k|14 RnC

The transfer function between the output voltage and the
input voltage.

R O e (20)
vo _vin A v S )
Vin (8)  Q—
2
where j7 = Y
Nz

n

The transfer function between the output voltage and the
PV current G

vo _ipv *
fzz(Al_A3)X2+(Bl_B3)Ipv 20
&> =(A2_A3)X2+(B2_B3)Ipv (22)
where:
X,=—A"BI,,

The transfer function between the output voltage and the
PV current.

Vo(s)
vaiipv:f
i (5)
(23)
__ D} 1
M,LC| , s D!
st + e
R,C MZL,C

The closed loop transfer function between the output
voltage and the reference voltage (V).

— VO(S) _ H(S)Gvo_d(s) (24)
vo_vref A -
vref (S) 1 + KSH(S)Gvaid (s)
20 K (1+sT,)
GVO vrej = - - “ (25)
" kR, CT,| o, s WK, K,
R,C R, CVk R, CVKT,
where:
K (1+sT
H(s)= M (26)
sT

P

where H(s) represents a PI controller, and K is the output
voltage sensor gain.

where K, is the proportional gain, and K is the integral gain
of the controller.

In order to form a string of PV modules, the converters are
connected in the input parallel-output series (IPOS)
configuration. A block diagram of the configuration for two
converters is shown in Fig. 4. The state space matrices of the
IPOS configuration with PV modules is given by:
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A A A A
x=Ax+B,u+ B, u,

(e}

0
D
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2
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0
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]
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2

c
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Dy g ]
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o Du
Lm
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R,C R,C
il S
R,C R,C|
]
Lm
Dy 29)
Lm
0
L 0 -
(30)

oO|—o o
Al—o o o

c=[b o 1 1] 31)

where Dy, Dy; and Dy,, D5, are the turn on and turn off duty
ratios of flyback converterl and flyback converter2,
respectively.

The transfer functions of interest corresponding to the total
output voltage of the PV string are:

GvoTivrefl (S) = VO+(S) (32)
vrefl (S)

GvaTivrefZ (S) = VO%(S) (33)
vrefZ (S)

The total output voltage of the PV string v,7(s) is the sum
of the output voltages of two DPP units v,;(s) and v,(s).

V() =V, (8)+v,,(5)

The dynamic expression of the PV string voltage due to a

(34

change in the reference voltage in one of the DPP units can
be written as follows:

(35)

vuT/\(S) _ VolA(S) n voZA(S)

A A A
vrefl (S) vrejfl (S) vre;fl (S)
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voT(S) — vol(s) + voZ(S) (36)

A A A

Vier2 (s) Vier2 (s) Vier2 (s)

A change in the reference voltage in each DPP unit occurs

only when there is a MPP change in the respective PV

module. Therefore, the following terms in the above
expressions are considered to be zero.

v02 (S) — O and Vol(s) — O

vrefl (S) vrefZ (S)

V,,TA(S) _ V(,]A(S) (37)

N N
vrefl (S) vrefl (S)

V) _ val) (38)

Vir2 () Vyera (5)

The dynamic behavior of the DPP unit is studied based on
the step and frequency response of various transfer functions
for the three operating regions of a PV module. A PV module
is modeled as a constant current source (I,,) with a parallel
resistance (R,,) as shown in Fig. 6. The resistance R, varies
with the operating point of the PV module. The determination
of R,, with respect certain operating points on the I-V
characteristics is shown in Fig. 8(a). Fig. 8(b) shows the P-V
characteristics of the same PV module. R, varies with
different operating regions on the V-I characteristics. They
are called the constant current, constant voltage and MPP
regions, respectively. The value of R,,, is computed from the
[-V characteristics of the PV module at a certain operating
point by linearization as shown in Fig. 8(a). To determine R,,,,
a tangent is drawn at the operating point and its slope is
computed. Different values of R, obtained from the PV
module in the three regions are listed in Table L.

R, is calculated by:

SV,
R, =—
rosl

pv

40

Rk L 1 [——Rpv=6.80hm
20774‘7:7:7:ﬁw+77:7LLLW\H**LJ%‘#‘777RPV:]O~38°hm
[ [ [ “7Rp\;20.80hm
[ [ [ T

bk b — — & — ==l 4+ I+ H

Magnitude (dB)

g
=
a
©
=
[a
(b)
TABLEI
EXPERIMENTALLY OBTAINED MODEL PARAMETERS
Parameter Constant‘ MPP Region Constant.
current region voltage region
Vi(V) 10 13.5 16
R,(€2) 20.8 10.38 6.8

dV,, and 08I, are the values of the PV voltage and PV
current at certain operating point on the linearized I-V
characteristics, respectively.

The step responses of the reference voltage for a step
change in the PV module current (G,.s ;) for different
values of R,, are shown in Fig. 9(a). It is observed that the
reference voltage tracks the change in the PV current linearly
for different values of R,,. The response shows that in the
MPP region it varies with moderate response time.
Meanwhile, it responds with comparatively faster and slower
response times for R, = 6.8Q (constant voltage region) and
R,,=20.8Q (constant current region), respectively. The step
response and frequency response of the output voltage of the
PV module to the reference voltage of the DPP unit (G, )
are shown in Fig. 10(a) and Fig. 10(b), respectively. It is
observed that the output voltage of the PV module tracks the
change in V,, with a first order response in the MPP and
constant voltage regions, respectively. Meanwhile, the output
voltage of the PV module responds with a peak value in the
constant current region. These studies provide the basis for
identifying the MPP of the PV module quickly by preventing
the operating point of the PV module from moving away
from the MPP region under varying atmospheric conditions.

D. Voltage Mode Controller Design

The control of the output transfer function of each DPP
unit in the continuous time domain is derived and given in
(19). The discrete domain transfer functions of the flyback
converter and the PI controller are obtained by the backward
Euler transformation method as follows:
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Caus
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TABLE I
PV MODULE SPECIFICATIONS

Under standard testing conditions (1000W/m?25°C) [34]

Parameter Specification
Nominal power (P) 45W
Open circuit voltage(V,.) 21.6V
Short circuit current(Is.) 2.85A
Voltageat max. Power (V,,arp) 17.7V
Current at max. Power (I,,app)) 2.54A

MOSFET2

Current sensor Voltage sensor,
cireuit circuit

Gate driver
module

PICIBF452

RVP-MPPT
algorithm

PWM ADC
‘ RVP-MPPT h

algorithm

Fig. 11. Schematic of the experimental prototype.
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The PI controller transfer function is:
d(zy K,1-z)+KT,
ez) (-2

where K, is the proportional gain, and K; is the integral gain.

(39)

The flyback converter transfer function is:

V. _ V.| 1 (40)
d(z) k|, (-zHR C
1+7p
2T,

s

By pole zero matching:

\/ER 1\'C k

I{/7 — pv , Ki = £

2T, T

The PI controller in its discrete time domain is expressed
as:

d[n]=d[n—1]+a€dn]+ben—1] 41)

where a = K, + K;T,, b = K,,. Where the constants a and b are
functions of K; and K,. Both of the flyback converters
connected in the string are controlled independently using
two separate PI controllers.

III. EXPERIMENTAL SETUP AND RESULTS

An experimental setup of the DPP based series PV
configuration was developed with two PV modules for a PV

TABLE III
FLYBACK CONVERTER DESIGN SPECIFICATIONS
Parameter/Component Specification
Input Voltage 20V-36V
10V-17V
Output Voltage (corresponding to MPP)
Switching Frequency SkHz
Power 30W
MOSFET IRFP150
Diode MUR460
Inductance ImH
Capacitor 100uF
string. The proposed RVP-DMPPT algorithm was

implemented on an 8 bit PIC microcontroller (PIC18F452)
along with voltage mode control. The functionality of the
DPP units and the RVP-DMPPT algorithm are verified with
simulation and experimental results. A schematic of the
experimental setup is shown in Fig. 11. The design
specifications for the DPP units are listed in Table II and
Table III. Table II presents the specifications for each of the
PV modules [34]. The design values for the flyback DC-DC
converter are listed in Table III. The closed loop operation of
the DPP units and the performance of the algorithm are
demonstrated in the next section.

A. Experimental Results

1) Performance of the Flyback Converter

The closed loop performance of the flyback converter of
the DPP unit is illustrated with step changes in the controller
reference voltage (V,) and load transient. Fig. 12(a) and Fig.
12(b) show simulation and experimental results of the output
voltage for a step change in V,,. It is observed that the
converter output voltage reaches the new steady state values
in 8ms and 7ms for step changes of 5V up and down,
respectively. The load transient response of the converter is
shown in Fig. 13. Fig. 13(a) and Fig. 13(b) presents
simulation and experimental results of the output voltage of
the converter for a load transient of 100% to 60% and 60% to
100%, respectively. It is observed that the converter output
voltage remains constant with a minimum deviation from the
steady state value. Therefore, it can be concluded that the
controller designed for the flyback converter operates
satisfactorily.
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The DPP configuration is built by connecting the inputs of
two flyback converters in parallel and the outputs in series
(input parallel-output series) of the DPP units. Each PV
module is connected across the output of each flyback
converter. The operation of the flyback converters are
initially tested in a DPP configuration by disconnecting the
PV modules. Experimental results corresponding to a change
in V,, and load transients are shown in Fig. 14(a) and Fig.
14(b), respectively. It is observed that the total output voltage
of the DPP configuration changes due to a step change in the
reference voltage in one of the flyback converters. The time
taken for the total output voltage to reach the new steady state
value is 8ms for a step change of 5V. The dynamics of the
total output voltage during a load transient is shown in Fig.
14(b). It is observed that the total output voltage does not
deviate from its steady state value. The efficiency of the two
flyback converters are measured as 96.17% and 96.8%
respectively.

2) Functionality of DPP Units and RVP-DMPPT Algorithm

The operation of the DPP unit along with the RVP-
DMPPT algorithm is presented here. The objective of the
controller of the flyback converter is to regulate the output
voltage of the PV module at its MPP. The reference voltage
of the controller is set at the MPP voltage of the PV module.
The non-zero output of the controller represents variation in
the MPP of the PV module. Therefore, the RVP-DMPPT
algorithm is activated to determine the new MPP for the
non-zero controller output. The operation of the DPP is tested
for a wide range (range of MPPs of the PV module) of digital
reference values of V,,. The corresponding analog steady
state output voltages are obtained and presented in Fig. 15. It
is observed that the controller provides output over a range of
9.6V to 17.6V, which corresponds to the MPP range of the
PV module.

The PV modules are connected to the DPP configuration to
demonstrate the operation of the DPP and the proposed
RVP-DMPPT algorithm. The PV modules are artificially
shaded to illustrate the performance of the system under
non-uniform illumination. Experimental waveforms of the
PV voltages, PV currents, string voltage, duty ratios of the
converters and compensation currents of the two converters
under two different partial shadings are depicted Fig. 16 and
Fig. 17, respectively. Fig. 16 shows the case where PV, is
unshaded and PV, is partially shaded. Fig. 17 shows the case
where PV, is unshaded and PV, is partially shaded. The
functionality of the proposed RVP-DMPPT algorithm under
the two different partial shadings are illustrated in Fig. 16(a)
and Fig. 17(a), respectively. It is observed that the algorithm
determines the exact MPP for the PV modules.

The differential current compensation for the shaded PV
module under the above two conditions are depicted in Fig.
16(b) and Fig. 17(b), respectively. It is observed that the duty
ratios of the flyback converter corresponding to the unshaded
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PV module in each case (Fig. 16(b) and Fig. 17(b)) are a lot
less. The duty ratios of the flyback converter corresponding
to the shaded PV module in each case are higher. This is
because an unshaded PV module requires negligible
compensation current whereas shaded PV modules are
required to inject compensation current into the string. It is
observed that the compensation current is injected into the
string during the OFF period of the main switch and the ON
period of the diode in the secondary of the flyback converter
connected to the shaded PV module in each case. The diode
current waveforms verify the injection of the compensation
current and the DCM operation of each flyback converter.
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shaded): (a) Bus voltage (Chl), PV, MPP voltage (Ch2), PV
MPP currents (Chl and Ch2)); (b) Duty ratios of the converters
(Chl and Ch2), compensation currents (Ch3 and Ch4).
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TABLE IV
COMPARISON OF POWER EXTRACTION
Power Power
Case (Without DPP (With DPP units)
units) (W) W)
PV1 Shaded
PV2 Unshaded 8.4 31.02
PV2 Shaded
PV1 Unshaded 7.87 3024

3) Dynamic Performance

The dynamic performance of the DPP units and the
proposed RVP-DMPPT algorithm are illustrated in Fig. 18(a),
Fig. 18(b) and Fig. 18(c) based on changes in the irradiance
and load. To observe the transient behavior of the RVP-
DMPPT algorithm, the irradiance of the PV, module of the
PV string is artificially step changed by 50%. The
corresponding change in the string voltage and the PV
currents are shown in Fig. 18(a) and Fig. 18(b) due to
changes in irradiance, respectively. It is observed that the
proposed algorithm finds the new MPP of the PV, module
and that the DPP unit performs accordingly to reach the new
steady state condition. The tracking time of the proposed
algorithm is computed based on the total time taken from the
instant of the transient to reach the steady state. This includes

the time taken to compute the new MPP and to update the V,,,
corresponding to the new MPP. The tracking times during a
step increase (t,,) and during a step decrease (t,,) of irradiance
are 25ms and 40ms, respectively.

The dynamic response of the DPP unit for a step change in
the load is shown in Fig. 18(c). The string current is changed
from 1.4A to 2.2A and from 2.2A to 1.4A to demonstrate the
dynamic behavior of the DPP unit and the proposed RVP-
DMPPT algorithm. It is observed that the string voltage
maintains the total voltage corresponding to the summation of
the MPPs of each PV module.

In case of a failure of any converter, the corresponding PV
module of the PV string remains operative if that PV module
is among the highly illuminated PV modules. Thus, the status
of the PV string remains unchanged. The compensation
power to all of the other lesser illuminated PV modules are
supplied and the string current remains at its maximum
corresponding to the highly illuminated PV modules. If any
of the PV modules of the string is partially shaded, the string
current is reduced due to the failure of the corresponding
converter leading to graceful degradation. If the reduction in
the string current is significant, the respective PV module is
bypassed to allow the remaining PV string to operate
normally. The operation of the PV string under this condition
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TABLE V
COMPARISON OF PROPOSED SCHEME WITH EXISTING SCHEMES

Parameters FPDC Scheme CPDC Scheme Voltage Equalization Proposed Scheme
[13]-[15],[30] [20]-[22] Scheme [23]-]27] P
. Low . Medium .
Power gain (P,=P;-P,,) High (Pi=Pr - Pyper ) High
. . Exact MPP Exact MPP . 0/ 00 High
MPP Tracking efficiency (99%) (98.7%) Approximate MPP (94%-96%) (99.4%)
Converter efficiency 96% 90% 92% 96.7%
Hardware burden High High Low Medium
No. of extra analog circuitry- Nil n Nil Nil
No. of current sensors-
n n 1 n
No. of voltage sensors- 1
No.of switches- n n n
. n 2n+1 2n n
Cost High Medium Medium Medium

is illustrated in Fig. 19(a), Fig. 19(b) and Fig. 19(c). In Fig.
19(a) both of the PV, and PV, modules are uniformly
illuminated. Fig. 19(b) and Fig. 19(c) show the case in which
PV, is unshaded and PV, is shaded. In Fig. 19(b), both of the
converters are working normally. The string current is 1.36A,
which corresponds to a highly illuminated PV module (PV))
and both the PV modules operate at their respective MPPs.
Fig. 19(c) shows a case in which the converter corresponding
to PV, is faulty. The corresponding degradation in the string
current is shown. The string current drops to 0.38A
corresponding to the current of PV,.

The regulation of the string voltage at a fixed radiation of
300W/m’ for a variation in the load is shown in Fig. 20(a).
The load is varied from 0.65A to 2.5A. The string voltage is
regulated by the DPP units at their respective MPPs. The load
regulation of the configuration is found to be 0.3%. A
comparison of the extracted power from the experimental
setup of the PV string with and without DPP units is listed in
Table IV under two different cases. A prototype of the
experimental setup is shown in Fig. 20(b) and Fig. 20(c).

A qualitative comparison of the RVP-DMPPT algorithm
with existing DMPPT algorithms is presented in Table V.
The cost of the scheme is evaluated based on the number of
sensors and semiconductor devices used in the corresponding

methods. The control complexity is evaluated based on the
number of communication ports, the number of sampling
instants sampling and the types of operations. In Table V, n is
the number of PV modules/converters in the PV string. P, is
the effective power gain, Pt is total power generated by the
string, Pyppr is loss in power due to the approximate
determination of the MPP, and P, is the converter switching
loss.

IV. CONCLUSIONS

This paper presents an efficient RVP based DMPPT
algorithm and a small signal model for the unidirectional
DPP based PV-Bus architecture. The proposed RVP-DMPPT
algorithm determines the exact MPP for each PV module
under all atmospheric conditions with a high accuracy. The
RVP-DMPPT algorithm does not require PV voltage sensing
to compute power. This reduces both the control complexity
and the computation time. The DMPPT algorithm reduces the
hardware burden and exhibits a tracking efficiency of 99.4%.
The dynamic behavior of the derived small signal model is
verified with simulation and experimental results. The
accuracy of the derived small signal model of the PV system
is verified by demonstrating sudden changes in the irradiance.
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