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Abstract: Solar photovoltaic (PV) energy has witnessed double digit growth in the past decade. Maximum power point
tracking algorithm (MPPT) keeps the photovoltaic systems continuously delivering the maximum power output to the
utility, regardless of the variation in environment condition. To improve the performance of MPPT, a two-level
adaptive control architecture is proposed here. System complexity is reduced, control and the uncertainties in the
photovoltaic systems are effectively handled. The first level of control is ripple correlation control (RCC) which is an
MPPT method copes with many drawbacks of other algorithms and the second level of control is model reference
adaptive control (MRAC) which compensates for the undesired characteristic of the photovoltaic power conversion
system. By coupling these two control algorithms, the system achieves MPPT with overall system stability. From the
results, the proposed control algorithm enables the system to converge to the maximum power point in milliseconds.
The system shows no oscillatory response even after there is a change in the environmental conditions.

Keywords: Maximum power point tracking (MPPT), Photovoltaic system, Ripple correlation control (RCC),Model

reference adaptive controller(MRAC)
I. INTRODUCTION

RECENTLY, there has been significant environmental and
political motivation to shift domestic power generation to
renewable sources such as wind and solar. Solar power is
at the forefront of clean, renewable energy, and it is
gaining momentum due to advances in solar panel
manufacturing and efficiency as well as increasingly
volatile fuel costs. Solar power is an attractive option
because of the large amount of power available in incident
sunlight, particularly in large industrial parks and
residential suburbs. Photovoltaic system is a critical
component to achieve the solar energy through an
environmentally-friendly and efficient way. However,
photovoltaic (PV) solar cells, the most readily available
solar technology, operate best on bright days with little or
no obstruction to incident sunlight.

The operating current and voltage of solar panels, which
maximize power output are dependent on environmental
conditions. In order to maintain efficient operation despite
environmental variations, one approach is to use a
maximum power point tracking (MPPT) algorithm to
dynamically tune either control current or voltage to the
maximum power operating point. Maximum power point
tracking algorithm (MPPT) keeps the photovoltaic systems
continuously delivering the maximum power output to the
utility, regardless of the wvariation in environment
condition. Under the effect of MPPT algorithm, the
photovoltaic systems are capable of adapting itself to the
environment change and delivering the maximum power
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output. Generally, the MPPT controller is embedded in the
power electronic converter systems, so that the
corresponding optimal duty cycle is updated to the
photovoltaic power conversion system to generate the
maximum power point output [1],[2].

PM

Vy (orIy) Vpy (or Ipy)
Fig. 1.Power—voltage characteristics of photovoltaic
systems

Several MPPT algorithms have been reported in the past
few decades. The P&O MPPT algorithm is mostly used,
due to its ease of implementation. It is based on the
following criterion: if the operating voltage of the PV
array is perturbed in a given direction and if the power
drawn from the PV array increases, this means that the
operating point has moved toward the MPP and, therefore,
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the operating voltage must be further perturbed in the
same direction. Otherwise, if the power drawn from the
PV array decreases, the operating point has moved away
from the MPP and, therefore, the direction of the operating
voltage perturbation must be reversed. Drawback of P&O
MPPT technique is that, at steady state, the operating point
oscillates around the MPP giving rise to the waste of some
amount of available energy. Several improvements of the
P&O algorithm have been proposed in order to reduce the
number oscillations around the MPP in steady state, but
they slow down the speed of response of the algorithm to
changing atmospheric conditions and lower the algorithm
efficiency during cloudy days [6]. The incremental
conductance (INC) method uses the fact that the derivative
of the array power with respect to the array voltage is
ideally zero at the MPP (see Fig.1), positive to the left of
the MPP, and negative to the right of the MPP. The INC
method has been shown to perform well under rapidly
changing environmental conditions, but at the expense of
increased response times due to complex hardware and
software requirements. Besides the P&O and the INC
algorithms, there are many other advanced algorithms
have been addressed, such as fuzzy logic and the neural
network-based algorithms [8-10]. These methods are
suitable for solving certain specific problems; however,
the realization of the system is overwhelmingly complex
in the software and hardware construction of the solar
panel. To this end, a general problem associated with
MPPT algorithms is the transient oscillations in the
system’s output voltage after the duty cycle is rapidly
changed in order to track the MPP [7].

Thus, an ideal MPPT control algorithm would be simple
inexpensive, and would show a rapid convergence to the
MPP with minimal oscillation in the output voltage.

A two-level MPPT control algorithm that consists of
ripple correlation control (RCC) [11]-[14] in the first level
and model reference adaptive control (MRAC) [15], [16]
in the second level is proposed (see fig 2). In the first
control level the array voltage and power serve as the
inputs to the RCC unit. The RCC unit then calculates the
duty cycle of the system, d(t), to deliver the maximum
available power to the load in the steady state. In the
second control level, the new duty cycle calculated from
the RCC unit is routed into an MRAC architecture, where
the dynamics of the entire photovoltaic power conversion
system, or the plant, are improved to eliminate any
potential transient oscillations in the system’s output
voltage. Transient oscillations in the system’s output
voltage can result after the duty cycle has been updated to
account for rapidly changing atmospheric conditions. To
prevent the plant from displaying such oscillations, a
critically damped system is implemented as the reference
model . During adaptation, the error between the plant and
reference model is utilized to tune the parameters in the
controller. Properly tuning the controller parameters
enables the output of the plant to match the output of the
reference model, at which point the error converges to
zero and the maximum power is obtained.
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Pv—RcC

Fig. 2.Proposed MPPT control architecture
Il. SYSTEM DESCRIPTION

A. PV modelling

A solar panel cell basically is a p-n semiconductor
junction when exposed to the light, a DC current is
generated. The generated current varies linearly with the
solar irradiance [14]. The equivalent electrical circuit of an
ideal solar cell can be treated as a current source parallel
with a diode shown in figure 3.

In |

D 1 [

Fig. 3: Equivalent electrical circuit of a solar cell

The solar cell output current is given by,

=1, —1—Ig @
The current through diode is given by,
q (V + IRS)
I, =1.{exp| ——= |-1 2
o = lo{ p[ AKT. } @
Therefore (1) becomes
V+IR
| = IL _|O{exp u _1}_ﬂ
AKT, R,
®)

B. PV characteristics

Photovoltaic system can regulate the voltage or current of
the solar panel using a dc—dc converter interfaced with an
MPPT controller to deliver the maximum allowable power
[17], [18]. Fig. 4 shows the integration of such a system
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where a boost converter is utilized to deliver optimal
power to the load. In the boost converter system shown in
Fig. 4, the MPPT controller senses the voltage and current
of the solar panel and vyields the duty cycle d to the
switching transistor S. The duty cycle of the transistor is
related to the array voltage through

H 2
Vey =lpy Ry (1—d") (4)
whereV,,, and i, are the array voltage and cuien,
respectively, and Ry is the load resistance.The goal then is

to design a controller that continually calculates the
optimal value of the duty cycle so that array voltagetracks

maximum voltageand thus delivers the maximum
available power.
D >
i | d@)
PV panel : G |"+| ——C, Load
|
[
— | |
] |
|l \
H T
L ~Peer
-—» controller
Fig. 4. MPPT controller of a photovoltaic boost converter
system

C. Dynamics of converter

The relationship (4) provides the foundation for
conventional MPPT algorithms to compute the converter’s
duty cycle in steady states. However, to optimize transient
responses, the MPPT control must consider the dynamics
between the duty cycle and array voltage. Since transient
oscillations are undesired and can lead to inefficient
operation of the system, the MPPT control needs to
eliminate transient oscillations in the array voltage after
the duty cycle has been updated to account for changing
environmental conditions. To simplify the analysis of the
system’s transient response, we consider a small signal
equivalent circuit(see Fig.5) as suggested in [7]. A resistor

Rlis used to model the solar array with a small signal

array voltage Vpy and small signal array current ipy

across its terminals. We now derive the transfer function
from the control signal (duty cycle) to the array voltage in
small signal operation around an operating point. This
transfer function characterizes the dynamics of the system.
It should be noted that the dynamic model in Fig. 5 shows
the load of the boost converter as a storage battery, which
is practical for photovoltaic systems. While this

representation will change the value of vp,, given in (1)
and move the operating point in the steady-state response,

it will have little effect on the system’s frequency response
for the range of frequencies near the natural frequency,
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where we see resonances or under damped oscillations.
Therefore, we ignore the dynamics of the battery in the
derivation of the transfer function from the duty cycle to
the array voltage in small signal operation.

3 PWM
B switch

Fig. 5.Small signal equivalent circuit of photovoltaic
power conversion system

In analysing Fig. 5, we have the following relationship in
the frequency domain or s-domain:

b (516, AOLORMONIN

L,

A

Where sis the Laplace variable, d represents the small
signal variation around the converter’s duty cycle D at the

A

operating point,d(s) and Vpy (s)are the Laplace

A N

transforms of d(t) and Vpy (t), respectively, f(D) is

the relationship between the operating duty cycle, D and
the steady-state dc input voltage of the boost converter,
f (D) is the derivative of f(D) with respect to the duty

cycle at the operating point D. From (5) we obtain,

vp), (s) _ f (D) ©)
d(s)  LyCys? oo
R
It is known that,
f(D) =Vpy, =(1-D)V, @)

whereV0 is the steady-state dc output voltage of the boost

converter.
From (7), we have

(D) =V, (8)
and thus (6) turns to
~ 7VO
\% (s) C
PV 5 '1‘0 1 1 (9)
S+ ——S+ 1~
d(s) R,C, Loy

The minus sign in (9) indicates that decreasing the duty
ratio will increase the panel voltage. The aforementioned
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transfer function is derived from a linearized version (see
Fig. 5) of the nonlinear system in Fig. 4,around a single
operating point. By using the aforementioned transfer
function the behaviour of system transient oscillations can
be analysed.

I11. PROPOSED METHOD OF MPPT

A two level control algorithm is proposed here. In the first
control level, RCC is utilized to calculate the duty cycle of
the converter, to deliver maximum available power to the
load in the steady state. In the second control level, an
MRAC structure which regulates the dynamics of the
converter in response to the duty cycle calculated from
RCC, preventing the array voltage from transient
oscillations after changes in solar insolation. The RCC
level is responsible to handle changes in solar insolation,
and the tuning process of RCC should be fast enough to
catch up to the changes in solar insolation. The tuning
process of MRAC must be fast enough to catch up to the
changes in the operating point of the converter and the
responses of RCC.

A. Ripple correlation control

The RCC calculates the duty cycle that delivers the
maximum power to the load in the steady state. The main
innovation of RCC is to use the switching ripple inherent
to the converter to perturb the system and thus track the
MPP [14]. The RCC is essentially an improved version of
the P&O method [3]-[5] except that the perturbation is
inherent to the converter. Such a methodology is
advantageous because it negates the necessity for external
circuitry to inject the perturbation. In addition, RCC has
been proven to converge asymptotically to the MPP with
minimal controller complexity and straight-forward circuit
implementation [14]. The RCC is based on the observation
that the product of the time-based derivatives of the array
voltage and power will be greater than zero to the left of
the MPP, less than zero to the right of the MPP, and
exactly zero at the MPP (see Fig. 1.)

d dv
% T:V >0 when V,, <V,, (10)
APey AVey <0when V,, >V,, (11)
dt dt
12
dpPV % :O When VPV :VM ( )
dt dt

These observation lead to the control law

dd(t)_ | dppy OVey
dt dt dt

(13)

Where k is a constant of negative gain. The control law

(13) can be qualitatively described as follows: if Vpy

increases and there is a resulting increase in " the

Pp
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system’s operating point is to the left of the MPP (see Fig.
1) and therefore d should decrease causing an increase of

Vpy according to (4); if Ppy decreases after an increase

in Vpy then the system’s operating point is to the right of
the MPP (see Fig. 1) and thus d should increase in order to
reduce Vpy, From inspection of (12) and(13), the goal then

is to drive the time-based derivative of d to zero so that
maximum power is obtained. As established in [11]-[14],
RCC has a well-developed theoretical basis and has been
mathematically proven to yield the optimal value of the
duty cycle in order to deliver maximum power in the
steady state. The advantage of RCC over conventional
algorithms such as P&O, is that in the steady-state RCC
converges to the MPP while P&O oscillates around the
MPP. Relative to fuzzy logic and neural networks, RCC is
advantageous due to its simple implementation as well as
its low cost. In addition to steady-state analysis, one must
also consider the transient response of the boost converter
system so that the controller can rapidly converge to the
theoretical MPP with minimal oscillation. In the next
section, an MRAC algorithm is proposed to prevent the
array voltage from exhibiting an under damped response.

B. Proposed model reference adaptive controller

In the previous section, RCC is used to calculate the duty
cycle aimed at delivering the maximum available power in
the steady state. It is also desired that the system
converges to the MPP swiftly during changes in solar
insolation. As shown in (9), the relationship between the
array voltage and the converter duty cycle is a highly
dynamic process. Since the operating point willvary as
solar insolation varies, it is not guaranteed that the array
voltage exhibits critically damped behaviour without
adaptive control. The MRAC architecture proposed here is
to maintain a critically damped behaviour of the array
voltage. The basic idea of MRAC is to design an adaptive
controller so that the response of the controlled plant
remains close to the response of a reference model with
desired dynamics, despite uncertainties or variations in the
plant parameters. The proposed architecture of MRAC is
shown in Fig. 6. The input to the overall system, r(t), is the
change in duty cycle calculated using RCC. The plant
model in Fig. 6 corresponds to the transfer function in (9).
However, for convenience, we change its sign (by
multiplying —1 to it) so that the plant model hasl ofily
positive coefficients. We use to represent the output of
the plant and to represent input thus the plant model

is expressed as,
Y, (8) O]
G,(s)= L —=5— .
u,(s) s +a,;s+b, (14

where the values and meanings of kp, ap, and bp can

be implied from (9). The reference model is chosen to
exhibit desired output yy (t) for input r(t)
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S K, (s
Gm(S)= ym( )= - m( ) (15)
rs)y s“+a,s+hb,
wherek,, is a positive gain, and apandb,, are

determined so that the reference model delivers a critically
damped step response. The main control objective is to

design  so thattracks y, (t) .

Controller Structure: To achieve the control objective, we
use the controller structure shown in Fig. 6(b). The
expression for the controller is

1
u. =6,r+6 ——u
e

=G, + 0,0, +0,0,+0,y, =0"w

p

1
+0, _s+ﬂ Yo +6'3yp (16)

T
Where 0= [901 6,0, 93] is the parameter vector of the
controller and @ is defined as,

o=[r,m,w,, yp]T

It is shown in [16] that the controller structure (16) is
adequate to achieve the control objective: it is possible to
make the transfer function from r toequal to y_(t)
specifically when

Y, ()
0=6 =[6,6,6,,0,T (17)
with ,
ke
kp
91* = ap —a,
0 (a,—a,)(-A*+1a,-b))
2 kp
18
oDy, +(@,-a,)(2-2,) (18)
3
kp
Reference Im
model
! *

tp

Controller: 0 Plant

Adaptive
law

(@)
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Fig. 6. (a) Proposed MRAC structure. (b) Controller
structure in the proposed MRAC.

The adaptive law of the controller is

; 1
0=—]/eoyp ( 9)

IV. SIMULATION RESULTS

The adaptive controller presented in Section Il was then
simulated for wverification. The plant and controller
parameters are listed in Table I. The plant model was
chosen to deliver an actual array voltage with an under
damped step response. The reference model was designed
to deliver a theoretical MPP voltage with a critically
damped step response. Its damping ratio, which equals to

~am_is the determining factor as inferred from (15).
2\om

Normally, the ratio is chosen to be either exactly 1 or
slightly less than 1. In the latter case, the step response
rises faster at the cost of slightovershoot. The desired
outcome of simulation would be that after the plant has
undergone the adaptation phase, the parameters of the
controlled plant would converge to the parameters of the
reference model and thus the adapted array voltage would
show critically damped behaviour.

TABLE | PARAMETERS USED FOR ADAPTIVE

CONTROLLER
PARAMETER VALUES
k,=Vo/(L*C) 1.16e"7V(rad/sec)™2

a, =1/(R*C) | 135(rad/sec)

b,=1/(L*C) 76e"3(rad/sec)"2

0, 20

0, -0.783

05 -2.25¢"4

k, 5.83*10"V(rad/sec)™2

an 8.17*10"3rad/sec

b, 1.67*%10%7(rad/sec)"2
A 1
Transfer function 1.1e"7/8"2+135s+85
of reference model
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Fig.7 Array voltage and current obtained from overall
proposed system.
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Fig 9: Adapted array voltage and theoretical MPP voltage

The array voltage and array current response is obtained
for two different irradiance level shown in fig 7 .For the
initial time the irradiance level is 1000W/m"2 and after 0.5
s irradiance level is 500 w/m™2 for the same temperature
25°.The array voltage converges to the nominal voltage at
which maximum power can be obtained within the initial
few seconds. Also the adapted array voltage shows no
oscillatory response even after the first change in sunlight
at 0.5s. Array voltage of the plant model for two different
irradiance level is been then simulated along with the
reference model shown in fig 8 .Within the initial few
seconds plant learns ,and the adapted array voltage
dampens to the nominal voltage at the same time instant at
which reference  model dampens to its nominal
voltage.From the comparison it is evident that plant model
converges with the reference model with no oscillation
and with the same rate of convergence .

V. CONCLUSION
In order to improve the efficiency of photovoltaic systems,

MPPT control algorithms are used to optimize the power
output of the systems. The essential considerations are the
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accuracy and convergence time. Here a two-level adaptive
control architecture that can reduce complexity in system
control and effectively handle the uncertainties and
perturbations in the photovoltaic systems and the
environment is proposed. The first level of control was
RCC, and the second level was MRAC. As the simulation
result extensively discussed in Section V, the statement
that the proposed control system, by coupling two control
algorithms, optimizes the performance of the solution to

the maximum power point tracking is convincing
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