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Abstract

This paper presents a novel maximum power point tracking for a photovoltaic power (PV) system
with a direct control plan. Maximum power point tracking (MPPT) must usually be integrated with
photovoltaic (PV) power systems so that the photovoltaic arrays are able to deliver maximum available

power. The maximum available power is tracked using specialized algorithms such as Perturb and
Observe (P&0O) and incremental Conductance (indCond) methods. The proposed method has the direct
control of the MPPT algorithm to change the duty cycle of a dc—dc converter. The main difference of
the proposed system to existing MPPT systems includes elimination of the proportional - integral

control loop and investigation of the effect of simplifying the control circuit. The proposed method thus

has not only faster dynamic performance but also high tracking accuracy. Without a conventional

controller, this method can control the dc—dc converter. A simulation model and the direct control of
MPPT algorithm for the PV power system are developed by Matlab/Simulink, SimPowerSystems and

Matlab/Stateflow.
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1. Introduction

Ever increasing energy consumption, the soaring
costs and exhaustible nature of fossil fuel, and
worsening global environmental issues highlight
renewable energy sources as promising solutions to
power 1issues. Solar energy has experienced
remarkably rapid growth in past ten years because
it is a pollution - free source of power. The power
generated by a PV system is highly dependent on
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weather conditions. For example, during cloudy
periods and at night, a PV system would not
generate any power. In addition, it is difficult to
store the power generated by a PV system for
future use. To overcome this problem, a PV system
can be integrated with other alternate power sources
and/or storage systems [1-3]. The combination of
UC bank and battery is an attractive choice due to
its high efficiency. On the other hand, a PV system
requires maximum power point tracking to utilize
the PV system efficiently. Many maximum power
point tracking techniques have been proposed in the
literature, such as perturb and observe [4, 5],
incremental conductance [4, 6], and intelligent-based
methods [7-9]. These methods vary in their
simplicity, convergence speed and hardware
implementation [10)].

The Perturb and Observe (P&O) algorithm, also
known as the “hill climbing” method, is widely used
and the most commonly used in practice because of
the simplicity of its algorithm. There are some
limitations, however, in that it cannot exactly
determine the Maximum Power Point (MPP) when
it actually reaches the MPP and oscillates operation
around the MPP. Oscillation is minimized by
reducing the perturbation step size. A smaller
perturbation size, however, slows tracking speed. A
solution to this conflicting situation is to have a
variable perturbation size that forms the suitable
step size for the MPP [11].

The conventional incremental conductance MPPT
(INC MPPT) algorithm that tracks the maximum
power point quickly under rapidly changing
atmospheric conditions uses a fixed iteration step
size. A large step size contributes to faster
dynamics of the power drawn from the PV array,
but also to excessive steady state oscillations in
voltage, current and power. A small step size
reduces oscillation but causes slower dynamics in
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the power drawn.

To solve this problem, a modified incremental
conductance algorithm with a variable step size
that 1s automatically tuned according to the
operating point is proposed [12], and a scaling
factor for adjusting the step size is adopted for
mmproving the MPPT. In most MPPT methods
with variable step size, it is difficult to determine
the scaling factor, which is tuned at design time to
adjust step size [13].

Fuzzy logic controllers for MPPT are proposed to
resolve the drawbacks of the conventional methods.
The fuzzy logic controllers have the advantages of
working with imprecise input, not needing an
accurate mathematical model, and handling
nonlinearity. It generally consists of three stages
such as fuzzification, rule base table lookup and
defuzzification. Experimental results [14] show rapid
convergence to the MPP and minimal fluctuation.
However, since the output characteristics of a PV
system should be solidly ascertained to create
the MPPT control rule and complexity for
implementation, the tracking performance of these
methods is limited. A PI controller can be used in
general MPPT algorithms, but requires a control loop
for regulating the current of MPP calculated by the
MPPT algorithm. For a simple control loop, a direct
control MPPT is proposed [15]. The direct control of
the MPPT is simpler and uses only one control loop
where the PI controller is excepted because it
performs the adjustment of the duty cycle within the
MPPT algorithm. The aim of this paper is to design
an MPPT with improved dynamic performance and a
simple structure for faster convergence. Therefore, a
variable step size incremental conductance direct
MPPT method using a fuzzy membership for a
standalone photovoltaic (PV) system is proposed in
this paper. This method adopts a fuzzy membership
function for the dynamic performance under quickly
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changing irradiation and the direct control for the
simplicity in the algorithm. A simulation model for
the PV power system is developed and performed
with  Matlab/Simulink, SimPowerSystems and
Matlab/Stateflow [16]. The results of the proposed
method appear to be more effective than conventional
methods in transient conditions.

2. PV Array and Maximum Power
Tracking

2.1 PV array system

A PV array consists of many cells connected in
series and parallel to provide a desired output
voltage. Usually, the PV system exhibits a nonlinear
I-V characteristic, and PV equations for modeling
the characteristic have been developed. A verified
model for silicon solar PV cell has been introduced
in [17]. Recently, detailed models including nonlinear
effects such as resistive losses, non—ohmic—current
and temperature have been developed for more
accurate modeling.

a 1deality or completion factor

Iy PV cell reverse saturation current [A]

Ipy PV cell output current [A]

I+ short—circuit cell current

(representing irradiation level [Al)

k  Boltzmann's constant [J/K]

N, the number of parallel strings

Ns  the number of series cells per string

g electron charge [C]

R series resistance of PV cell [U]

Tryv cell temperature [K]

Voc open-—circuit voltage [V]

Vpy terminal voltage for PV cell [V]

A simple equation model, which represents the
dynamic nonlinear I-V characteristics of the PV
array, 1s modified and can be used for analyzing the
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effects among components of the hybrid system.
The parameters used in the mathematical modeling
of the PV cells are as follows: The output voltage
characteristic of the PV system may be expressed
as [18]:

NokT [Lo—Ly+N,] N,
Vey =

sC
g N, N & ()

The manufacturer's datasheet provides necessary
information for most of the parameters of Eq. (1)
[18]. The current-voltage characteristics of the PV
array can be obtained and analyzed by using Eq. (1).
Using the current voltage curves, the current-power
curves can he obtained to operate with maximum
efficiency and produce a maximum output power.
The maximum power output of the PV array varies
according to solar radiation or temperature.
Therefore, an MPPT is needed to maintain the solar
array more effectively as an electric power source
[19]. In this paper, the PV array model with a
Z2D-Lookup table and a controlled current source 1s
used for simulation time and computational
efficiency[17]. The irradiance data and the I-V
characteristic curve of PV array can be used for
modeling the PV output power. Fig. 1 shows a PV
array Matlab/Simulink model using the 2D-Lookup
table and the controlled current source. The input
data for 2D Look—up table are irradiance data and
output voltage of the PV array.

Time delay

Controlled Current Sourcel
1e-006s+1 o
Irradiance *
PVVICurves
2D Lookup Table1
v
>

»<  Ipv

Fig. 1. Matlab/Simulink model for PV array
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Table 1. Parameters of the PV array

PV system Parameters Values
The number of series cells per string 105
The number of parallel cells per strings 148
Ideality or completion factor 19

Boltzmann’s constant 1.3805e23]/K
PV cell temperature 298K
Electron charge 1.6e-19 C

Short-circuit cell current (A) 2.926

PV cell reverse saturation current (A) 0.00005

Series resistance of PV cell (Q) 0.0277

2.2 Incremental Conductance Method

The flowchart shown in Fig. 2 explains the
operation of this algorithm. It starts with measuring
the present values of the PV array voltage and
current. Then, it calculates the incremental changes,
dl and dV, using the present values and previous
values of voltage and current.

drP/dv = 0, at MPP

drP/dV > 0 left of MPP

dP/dV < O right of MPP 2
Since Eq. (2) can be rewritten as

P _dv) __ _dI . Al
PR BT T 3)

AL/AV = =LV, at MPP
AL/ AV > =LV, left of MPP
AL/ AV < =LV, right of MPP 4

If the condition satisfies AL AV > —I/V, then
the operating point is at the left side of the MPP.
Thus, MPP must be moved to the right by
increasing the module voltage. Similarly, if the
condition satisfies AL/AV > —I/V it is considered

Z1 - A7) Au) 83 =8A] 4274 A|93%, 2013 9¢Y

Jae-Hoon Cho - Won-Pyo Hong

that the operating point is at the right side of the
MPP. Thus, MPP must be moved to the left by
decreasing the array voltage[13].

Sense Ve(k), Isol(k)

Sol()-Tsol(k-1)
J(Ve(k)Ve(k-1))
= -Isol(k)/Ve(k

sol(k)-Isol(k-1)
/(Ve(k)y-Ve(k-1))
> -Isol(k)/Ve(k

Yes
(Vciref‘:Vciref-dV) (Vcﬁref‘chﬁref—dV) (Vcﬁref:Vc?rede) (Vciref:Vciref—dV)
' | I v

Fig. 2. Flowchart of the incremental conductance
algorithm

3. Incremental Conductance
Direct MPPT Method

Comparative studies [11,1920] show that an
incremental conductance method tracks faster the
maximum power point under rapidly changing
atmospheric conditions.

Conventional INC MPPT algorithms have two
independent control loops to control the MPPT. The
first control loop contains the MPPT algorithm, and
the second one is usually a proportional (P) or
P-integral (PD) controller. The INC MPPT method
makes use of instantaneous and INC MPPT to
generate an error signal, which 1s zero at the MPP.
However, it is not zero at most of the operating
points. The main purpose of the second control loop
is to decrease the error from MPPs to close to zero.
However, the MPPT system of standalone PV is a
nonlinear control problem due to the nonlinearity
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nature of PV and unpredictable environmental
conditions, and hence, PI controllers do not generally
work well [21]. On the other hand, compared with
the general MPPT algorithms, the direct control of
the MPPT algorithm is simpler and uses only one
control loop as shown in Fig. 3 and Fig. 4. The PI
controller of the MPPT 1is excepted because it
directly performs the adjustment of the duty cycle
within the MPPT algorithm. However, the direct
INC MPPT has some drawbacks under the rapidly
changing irradiation of a PV system because it uses
a fixed iteration step size [22].

PV Dc/bc "/Load \]
Converter
-
VERMEE i t PWM Signal
v ¢ DSP Controller
PWM
AD ; Genterator
I v
vy 1- Ao
MPPT .‘n‘f 7\‘\. e Pl
Algorithm  —&{ > c
Vref Calculation ¥ s ompensater
Fig. 3. Block diagram of MPPT with the Pl
controller
PV bc/pc { e |
Converter L
_
I sense A
Vsense PWM Signal

¥ ¢ Micro/DSP Controller I
PWM
‘NiD‘ Genterator
| v
vy D4
MPPT Algorithm
+ Duty Cycle Adjustment

Fig. 4. Block diagram of MPPT with the direct
control
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4. The Proposed Method for
Variable Step Size INC MPPT

The step size of the INC MPPT method is
generally fixed. The power drawn from the PV
array with a lager step size contributes to faster
operation causes

dynamics. However, this

excessive  steady — state  oscillations  and
comparatively low efficiency. This situation i1s
reversed while the MPPT is rumning with a
smaller step size. Thus, the MPPT with fixed step
size should make a satisfactory tradeoff between
the dynamics and oscillations. Such design
problems can be solved with variable step size
iteration [23, 24]. Some variable step size methods
have been proposed for P&O based hill climbing
MPPT and the derivation of the essential
parameters of variable step size has been also
provided [13]. In [13], a modified variable step size
INCMPPT method and a simple process for
determining the initial parameter were proposed.
The update rule of this method was adopted to
improve tracking accuracy as well as tracking

dynamics. The update rule was shown as follows:

P(k)—P(k—1)
k) — V{k—1) ®)

D(k)=D(k—1) i_“»1

where coefficient N is the scaling factor for the
step size of the duty cycle in direct control. V(k) and
P(k) are the PV system output voltage and current
at time k and D() is the step size of the duty cycle.
Scaling factor N essentially influences the
performance of the INC MPPT system. Manual
tuning of this parameter 1s incorrect and the
obtained results may be valid only for a given
system and operating condition [24]. Therefore, a
simple method to determine the scaling factor was
proposed in [13].

Journal of KIFE, Vol.27, No.9. September 2013



dP

N=< AD ,-'f’ =Ty
dv fizedsrep = L Dmasx (6)

max/

where ADmax is the maximum step—change in
duty cycle in the previous sampling period. The
results showed that it has a faster dynamic
performance and lower oscillation than conventional
methods. However, the simulation of this update rule
is only performed and tested over the short-term
with a simple profile of irradiation. In this paper, a
fuzzy membership based variable step direct
incremental conductance algorithm having a new
scaling factor /V, is proposed. For good performance
and tracking accuracy under rapidly changing,
short-term irradiation, the scaling factor N, is
mitially considered and determined by the maximum
irradiation value and the maximum variation of
irradiation among all samples, and then the step size
of this method D(k)step size is evaluated by

1

D(k)step_s‘ize :"\; 1—- 1+expl—alAp—rc)] (7

where parameter a controls the slope at the
crossover point ¢ Fig. 5 shows a membership
function for evaluating the variable duty cycle. By
using the function, improved tracking performance
and faster convergence to MPP is obtained due to
smoothly changing values of the sigmoid function.
The flowchart of the proposed method is indicated in
Fig. 6. As shown in Fig. 6, the current and voltage
of the PV array is acquired, and then the step size
D(k)step size is evaluated by Eq. (7). Since it is
similar to the conventional direct INC MPPT of the
process for selecting the step size, the proposed
method has not only adequate tracking accuracy but
also a simple structure for the tracking speed.

In this paper, direct control of the MPPT
algorithm is adopted for changing the duty cycle of
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a dc—dc converter. A PI controller can be used in
general MPPT algorithms, but requires a control
loop for regulating the current of the MPP calculated
by the MPPT algorithm. Compared to the general
MPPT algorithms, the direct control of the MPPT
algorithm shown in Fig. 7 is simpler and uses only
one control loop in which the PI controller is
excepted because it performs the adjustment of the
duty cycle within the MPPT algorithm as shown in
Fig. 7.

08
0.6
0.4

0.2

1000 2000 3000 4000 5000 5000
PV Power(W)

2

Fig. 5. Membership function for evaluating the
variable duty cycle
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Fig. 6. Flowchart of the proposed method
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AVERAGE100SAMPLES
entry:

Vsum=0; lsum=0; k=0;

during:

Vsum=Vsum+V; lsum=lsum+; k++;

exit: -~
Vavg=Vsum/k; lavg=Isum/k; ~

l after(100,clk) N

deltaV/=Vavg-Vprev;
deltal=lavg-Iprev;
a=D;

SAMPLEandCALCULATE
entry:

[deltaV>Viol || deltaV=-Viol ] P

& Idettal/deltav-lavghavg] I%
i [ J—

2
— 29
g 7 _—
o =< [deltal<-ltol] l
=~

—
— p ~
/// [dellal/dellaV<—IavgNavg{ \éz [deltal>Itol] R
e .
/lNCREMENT h DECREMENT
entry: entry:
d=d-+deltad; d=d-deltad;
.
// ///
//

|

N -~

\\\ RETURN ///
\v[sr:giﬁvfwg, Iprev=lavg; —
D=d;
Fig. 7. Matlab/Stateflow chart of the proposed
method

5. Simulation results and analysis

In order to verify the performance of the proposed
MPPT method, the block diagram of the PV system
including the MPPT block and dc-dc converter are
designed as shown in Fig. 8. In the simulation
process, the aim is to observe the proposed MPPT
behavior over a short period of time including highly
variable irradiation.

Transfer Fcn

2T l o~
. L i
PWVICurves Diodet Lo Dol
IRR 2D Lookup Table1 e Vov ] c1 3 Mosfet] iﬁ
2

Pulse

Generator

Saturation

-

Fig. 8. The direct control model of PV system with
dc—dc converter

MPPT

Thus, the solar irradiation profile as shown in Fig.
9 is used for this simulation. The irradiance is
changed from about 20W/m’ to 700W/m’ for 1

(804

second. To avoid the oscillation around the MPP, the
parameters of Eq. (7) are set as a = 0.05 and ¢ = 130,
respectively. Also, the scale factor of NV, = 0.02 was
chosen from the above mentioned maximum
irradiation value to obtain lower oscillation without
losing tracking performance. To compare the
performance of the proposed method with the
conventional INC MPPT, N is set as 0.05 for Eq. (6)
and all simulations are performed with the same
irradiation.

Fig. 10 shows the output power of a PV system
with each MPPT algorithm corresponding to the
irradiation.

For the wide fluctuation range of the irradiation,
which is from 0.3 to 0.5 as shown in Fig. 9, the
proposed method shows higher performance than
other methods. In the small fluctuation range after
0.6 sec, although compared to other methods, the
power of the proposed method has the same or poor
performance, the average power in this range is
higher than others. As shown in Fig. 10, the
proposed method appears to be more effective than
previous methods under transient conditions. In PV
output power efficiency, the average output power of
the proposed method increases by about 309 and
40% compared to previous methods, respectively.

(=]
(=4
o

»
(=4
o

Solar Radiation[W/m?]
N H
o o
9 o

b 9 12 14 16 19
Time(Hours)

Fig. 9. Solar radiation for simulation
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Fig. 10. Output power of PV system by MPPT
algorithms

6. Conclusion

In this paper, a novel maximum power point
tracking for photovoltaic power (PV) systems with
direct control scheme 1s proposed. The available
power from the PV energy source is highly
dependent on environmental conditions. To
overcome this deficiency of the PV technology,
direct control of the MPPT algorithm is adopted for
changing the duty cycle of the dc—dc converter. A
detailed simulation model has been developed to
allow designing and analyzing any PV/UC/battery
system with various power levels and parameters.
The dynamic performances of the hybrid system is
tested under varying solar radiation and load
demand conditions where the solar radiation and
power demand data are based on real-world records.

The proposed method was tested under varying
solar radiation conditions and appears to be more
effective than previous methods in transient
conditions.
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