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The PV systems are rapidly expanding and have increasing roles in electric power technologies, providing more
secure power sources and pollution free electric supplies. Since the PV electricity is expensive compared to the
electricity from the utility grid, users want to use all the available output PV power. Therefore, the PV systems should
be designed to operate at their maximum output power for any temperature and solar radiation level. In this paper, we
consider a photovoltaic panel supplying a battery. For maximizing the output power of this panel, we have using a
boost dc/dc converter controlled by a PI regulator. For synthesizing this regulator, we have replaced the converter
with an equivalent continuous model when we have considered the mean values, over the chopping period, of the
electric quantities. Then, we have developed the transfer function of the system by using the small signal modeling
around an optimal operating point. A PI synthesis has been achieved by using Bode method. In the study, we have
taken into account the converter losses. Coefficients K, and K; obtained of PI regulator lead to good simulations. The
theoretical results confirm excellent tracking effectiveness response. The regulator operates correctly on a large range.
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Introduction

Photovoltaic energy is a promising alternative energy
source for the future, due to the world’s limited
conventional energy sources. Its disadvantages are that
the initial cost is very high and the energy conversion
efficiency is relatively low. Therefore, it is desirable to
extract the highest possible power at any moment from
the solar array source. The amount of power obtained
from a photovoltaic array depends on its operating
voltage. From its typical V-I and V-P characteristics
(Fig. 1, a and b respectively), a unique operating point (v
= Vi), known as the maximum power point (MPP),
delivers the maximum available power P, When
operated at the MPP, the array is best utilized. The MPP
of a photovoltaic array varies with irradiation,
temperature and other effects. Up to now, a large variety
of MPP seeking algorithms exists: look-up table [1, 2],
perturbation and observation (P&O) [3], incremental
conductance [4, 5] etc. Another maximum power point
tracking (MPPT) is proposed in [6, 7], where a dc/dc
converter is controlled so that 01,,/0V and OP/0V equal
zero, where 1,,, and P are the dc/dc converter output
current and input power respectively. However, these
methods cannot take into account the losses in the dc/dc
converter, particularly, the switch losses in the MOSFET
transistor.
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Fig. 1. Typical PV module: a — current-voltage and b —power-
voltage characteristic

In this paper, we pick up the work exposed in [7], and
we consider that the dc/dc converter is not ideal. This
converter is used between the PV and the battery to track
the maximum power point of the PV module (Fig. 2, ).
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The battery is considered as a constant voltage E in
series with a constant resistance R, [8, 9]. The MPP
(Vupp> Pmax) 1s reached when OP/OV = 0, P = VI being
the PV power. Then, the control circuit must keep
(OP/0V) equals zero. That is possible with action on duty
cycle a (0 < o < 1) according to the solar irradiation A
and the temperature 7. Duty cycle is a signal produced
by a PI regulator. For synthesizing this regulator, we
have developed a transfer function for the system using
the small signal model. The coefficients K, and K; of the
PI regulator are obtained by frequency synthesis.

] Ii“’ M =
; A dc-dc
§ PV v ert Battery
modulg converter
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a

Fig. 2. System bloc diagram (a) and — equivalent circuit(b)
of a PV module

Theoretical analysis

The power electronic converter is a boost converter
inserted between the PV generator and the battery. It is
characterised by its duty cycle o (0 < o < 1) that gives
the ratio input between the input and the output voltage
when the conduction is continuous (Fig. 3).

The transistor is ON during o7 and OFF during the rest
of the period i.e. (1 — or)7. The diode state, in continuous
conduction, is complementary of the transistor one. The
inductance is charged by the input through the transistor,
and it discharges at the output through the diode.
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Fig. 3. Boost converter (a); converter “mean” (b) equivalent
circuit

If the chopping frequency is sufficiently higher than the
system characteristic frequencies, we can replace the
converter with an equivalent continuous model. We will
consider, for that, the mean values, over the chopping
period, of the electric quantities (Fig. 3, b). The
transistor can be replaced by a voltage source whose
value equals its mean voltage. At the same, the diode can
replaced by a current source.

Optimal operating point of PV module
The equivalent circuit of the PV module considered in
this paper is shown in Fig. 2, b. The relationship between

V and [ is given by [10, 11]:

-1 -1 {exp{L(V+R 1)} 1} V+RI
“Lsol T Los 'YkT s - - Rsh

where:

QY
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and / and ¥ — cell output current and voltage, [, — cell
reverse saturation current, 7' — cell temperature in degree
Kelvin, & — Boltzmann’s constant (1.381¢™ J/K), g —
electronic charge (1,602¢™ C), K; — short-circuit current
temperature coefficient at /. (= 0,0004 A/K), I;. — short-
circuit current at 25 °C and 1000 W/m% A — solar
irradiation in W/m?, I,,; — light-generated current, Egp —
band gap for silicon (= 1.12 eV), y (= B) — ideality factor

(= 1,740), T, — reference temperature (= 298,18 K), /,, —
cell saturation current at 7,, Ry — shunt resistance, R, —
series resistance.

The output power of PV panel is P = VI, at optimal
point, we have:

opP ol

L N
v T TV T

el 4
)
Hence:

== RSI){IOSA explaly + RXI)]+RL}, (5)

sh

where: A = q/(YkTN,.;) and N, is the number of series
cells in the module.

The PV module considered in this paper is the SM55. It
has 36 series connected mono-crystalline cells. The
manufacturer ratings of this PV photovoltaic under
standard conditions (irradiation A = 1000 W/m%, AM. 1.5,
solar spectrum and cell temperature 7 = 25 °C) is shown
in Table 1. The values of the rest parameters are as follow:
R;=0,1124 Q, Ry, = 6500 Q and [, = 4,842 pA.

Table 1

PV module specifications under
standard test conditions (STC)

Cell temperature, °C 25
Open-cicuit voltage, V 21,7
Short-circuit current, A 3.45
Maximum power current, A 3.15
Maximum power voltage, V 17.4
Maximum power, W 55

Choice of L and C

The inductor value, L, required such the converter
operates in the continuous conduction mode (Fig. 4, a) is
calculated such that the peak inductor current at
maximum input power does not exceed the power switch
current rating [12]. Hence, L is calculated as:

VOITI (1 - a‘m )O(‘m

f:v A1Lm|
where f; (= 1/T) — switching frequency, a,, — duty cycle
at maximum converter input power, 4/;,, — peak-to-peak
ripple of the inductor current, V,, — maximum of dc
component of the output voltage, /,,, — dc component of
the output current at maximum output power.

Taking into account that the ripple of the PV output
current must be less than 2 % of its mean value [12], the
input capacitor value is calculated to be:

~0.02 (1 -, )anfs ’
where V;,,, — PV input voltage at the maximum power
point.

L> : (6)
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When the boost converter is used in PV applications, the
input power, voltage and current change continuously
with atmospheric conditions. Thus, the converter
conduction mode could change since it depends on them.
Also, the duty cycle a is changed continuously in order
to track the maximum power point of the PV array. The
choice of the converter switching frequency and the
inductor value is a compromise between the converter
efficiency, the cost, the power capability and the weight.
For example, higher is the switching frequency, lower is
the inductor core size, but the power switch losses
increase. Also, by using a large L value, the peak-to-peak
current ripple A/, is smaller; requiring lower current
rating power switches. But the converter size is
increased substantially because a larger inductor core is
required.

I
ILpeak *
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>
< ton Ts tor. . y
a
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ILmean L .
QQI? -
ton OFF t

Fig. 4. Boost converter waveforms: (a) continuous conduction
mode and (b) discontinuous conduction mode

Losses in the MOSFET transistor

In this study, we have taken into account the losses in the
MOSFET transistor for determining the power
transmitted to the battery at the optimal operating point.
At ON state (Fig. 5), the transistor is equivalent to the
Rps,, resistance. This resistance is considered as a
constant. The average switching power dissipation in
dc/dc converter is given as follow [13]:

and P,y — switching losses, Vs — drain-to-source voltage,
Ips,n — drain-to-source current, ¢,; — rise time of transistor
current, ;, — fall time of the voltage, ¢, — rise time of the
voltage, #; — fall time of current at the state OFF.

The switching power losses in the diode are neglected.
And

2 2
Pd = RDSUVIIDSUVI(xJ’- Vs[ + rLIL s

(10)

out

where P, — average power dissipation in dc/dc converter,
Rpson — static drain-to-source on-resistance, a,,,, — duty
cycle at MPP, V; — threshold voltage of diode, Ip —
average current of diode, r; — resistance of inductor, /; —
average current of inductor.

So, the output power of dc/dc converter at optimal
operating point (P,,,) is:

Pout=Pmpp_(Pon—ojf+Pd)’ (11)
where P,,,, — maximum power point.
The efficiency (n) of dc/dc converter is defined as:
Pout
n=—-. (12)

P

Command signal

Vbs
Vps
Ol

I "

OFF I ON I OFF

v

1 teon T leorr Fig. 5. Switching time: a —ideal waveforms and b —real
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We deduce from the continuous model equations (Fig. 3,
where: : e
b) the following equations:
VDS =E+ Vo + Rb]()uta VDSun zILa teon = by + t)‘v Cd_V =7 _IL (13)
_ dt
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di,
V=L7+I’L1L+V0u[ (14)

1,,=0-0)I,, (15)

where:

Vi = Rpsn®l = Ry(1- )1, + (E+V)(1- @) (16)
and r; — inductor resistance, R, — battery resistance, V —
threshold voltage of the diode.

For expanding in series equations (11-14) around an
optimal operating point, we write: ¢ = g,,,,+ 4q, for each
quantity ¢ in the set {V, a, I, I, 1,,} defining the
operating point. So, the equations system become:

BV nrar (17)
dt L
dAI, ( )
L o AV =\rp + 0, Rpse, )AL —
- RbA[uut + (E + V) - RDSon[lmpp )AOC (18)
AIout = (I_O(mpp)A]L _ImepAO(‘ (19)
At steady state, we have:
Impp = Imep (20)
Vmpp = (}" L + Ocmpp RDSon )I Lmpp +
+ Rb Mnutmpp + (E + V&‘ )(1 - O(‘mpp ) (2' 1)
Ioutmpp = (l - Ocmpp )_ [mep (22)

For a small variation around an optimal operating point,
the system can be shown by a functional diagram like
that used in [14] for synthesizing the regulator. Thus, the

system can be presented as (Fig. 6):
T Y(s)

According to [14], the transfer function G,((s) and G (s)
must have the following form:

Ral (S)

s™

DI (s)

1 P26 (s) 4%—» G ,(s)

Fig. 6. Functional diagram of the system

Gal(s)=Kal and Ga2(s)=K02 > (23)

RaZ (S)
5™
where R,i(s) and R,y(s) — rational fractions with R,;(0) =
Rp(0) = 1, K,; and K, — static gains of G,i(s) and
G,o(s), a; and a, — integration numbers of G, (s) and

G »(s) respectively.
In this paper, we have obtained:

(kG- K1+ RGNE+7,+ (R = Rog, V110, | (2)
a K, + KK,
K, +K,K,
1+R.G, 1 +GK;)
1
KK, C+K,L
K, + KK,

KaZ = ( (25)

R, (s)= (26)

KLC
K +KK,"

s+1

KLC

K, + KKy
Ra2 (S) = LC

K, K,C+K,L
K, +K,K,
, GL+GK,

57+
1+ GK, 1+ GK,

s+1

where:

AR[R 1, Y, ]

K=+ Ru[1+R.G,,)

stmpp — Vmpp]

R,([1+RG, )

) AR1

) =

G—L
" 1+RG,

K3:rL+(X RDSun+Rb(l_(x‘mpp)5

mpp

1 1
G,=——,and R,, =

" Ry, 1, Aexp{AW,,, +R],,,)} '

K, and K, are constants for a given temperature 7 and
solar irradiation A.

The transfer function of the open loop used to
synthesizing a PI regulator is:

GO (S) = Gal (S)Ga2 (S) =
_(KIG - KZ) E+ Vs + (Rb - RDS(m )ILML

1+ GK,

1
*7ILC , GL+CK, (28)
1+6&,° Tivek, 0T

Simulation procedure

The bloc used for simulations is given by Fig. 7, a. In
PV module block, equations (1-3) are used; and in block
(converter + battery) equations (11-14) are used. The
switching losses are cutting off the output converter
power according to equations (8-11).

The proposed controller circuit that forces the system to
operate at its optimal operating point under variable
temperature and insolation conditions, is shown in Fig.
7, b. On one hand, we multiply the PV output current /
by the PV output voltage V. Then, we obtain the PV
output power P who is derived in order to obtain the
(dP/dt) signal. On the other hand, we drive the signal
voltage and invert it. Thus, the signal 1/(dV/df) is
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The product of 1/(dV/dt) by (dP/df) signals gives the
(dP/dV) signal, who is compared to zero. The resulting
difference signal (error signal) is the input signal of the
PI regulator. This PI regulator is used to regulate the
duty cycle signal of the dc/dc converter until that the
condition: dP/dV = 0 is satisfied.

il

Table 2
Theoretical quantities V,,p, Pupp, Pour and 5 for
different values of A and T

Values of . Optimum Optimum Optimum

Lambda \Y%
Lambdal 1 V
I T »loo P
PV module converter
T + battery
P
o
Vi«
Controller
a
Alpha ? (?
A
dP/dt dV/dt|
v
MATLAB
Function
1/(dVv/dt)
Satyration | .

Ground

Fig. 7. a —bloc diagram for system and b — MPPT tracker
circuit

Results and discussion

Theoretical results
The battery voltage, the threshold voltage of the diode,
the resistance of battery and the series resistance of the
inductor, used in this paper, are respectively £ =24V, V
=0.7V, R, =0.65 Q and r, = 0.05 Q. The MOSFET
transistor utilized here, is an IRFP250. Their
characteristics used in this paper are: Rpg,, = 0.085 Q,
t,= 86 ns, t.,, = 62 ns, t,;, = 16 ns and #; = 70 ns. Fifty
kilohertz switching frequency is used.
The PI controller gain and the integral time constant
obtained by frequency synthesis using Bode method are
respectively K, = 0.01 and 7; ( = 1/K;) = 1.8 ms. Using
equation (6), the boost inductance choice is L = 1 mH.
With equation (7), the choice of input capacitance is
C=4.7 pF.
For different values of irradiation A and temperature 7,
the computation of the theoretical optimum quantities
Vinpps Ppps Pourand m are assembled in Table 2.

(W/m?) voltage ' power P power Efﬁciency
amd7K) (V) W) Puwy TV
XTigogogf“l“; 1425 4393 4224 96.16
X;jgggfl‘gd 1739 5480 5207 9501
xT=:1 (3)(2)8.&1“;‘1 1565 4861 46.07 94.76
7}1130200?; 12.31 3715 3.570 96.11

Simulation results

The simulation study was made to illustrate the response
of the proposed method to rapid temperature and solar
irradiance change. For this purpose, the irradiance A and
the temperature 7, which are initially 100 W/m?, and
298.18 K, are switched, at 0.02 s and 0.05 s, to 1000
W/m® and 320.18 K respectively (Fig. 8, a and b). and
vice versa (Fig. 9 a and b), i.e., the solar irradiance
changes from 1000 W/m’ to 100 W/m? at 0.02 s and the
temperature changes from 320.18 K to 298.18 K at 0.05 s.

60
|
~50
5 [
40
a3
<30
g
N 20
10
0 — PV output power P
-10] " dc/dc converter output power
-20)
-30
0 0.02 0.04 0.06 0.08 0.1
Time, s
a
25
20|
> 15
BN
10 ‘ PV output voltage V(V) |
5
U0 0.02 0.04 0.06 0.08 0.1
Time, s
b

Fig. 8. Variation of: a — PV output power and dc/dc converter

output power, and b — PV output voltage for a step change on

irradiation and temperature from 100 W/m’ to 1000 W/m’ and
29818 K to 320.18 K respectively
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4
0 0.02 0.04 0.06 0.08 0.1

Time, s

PV output voltage (V)

0 0.02 0.04 0.06 0.08 0.1

Time, s
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Fig. 9. Variation of: a — PV output power and dc/dc converter
output power; b — PV output voltage for a step change on
irradiation and temperature from 1000 W/m’ to 100 W/m’ and
320.18 K to 298.18 K respectively

In Fig. 8, a and 9, a the variation of instantaneous PV
power (P) and dc/dc converter output power for a step
change of temperature and solar irradiance are shown.
And the Fig. 8, b and 9, b give the variation of PV output
voltage for a step change of temperature and solar
irradiance.

The optimum values of PV output voltage, instantaneous
PV power and dc/dc converter output power obtained by
simulations are assembled in Table 3.

Table 3
Simulated quantities V,,,, Pupp, Pour and 5 for
different values of A and T

Values of 4  Optimum Optimum Optimum Efficiency

To watch Tables 2 and 3, then Fig. 8 and 9, it is clear, on
one hand, that the average voltage (V), instantaneous PV
power (P) and dc/dc converter output power (P,,) are
very close to their optimal values V,,,,, Py and Poympp.
And on the other hand, the values obtained by simulation
coincide with their obtained by programming.

The losses in the dc/dc converter varies from 0.168 W to
3.04 W for A =100 W/m?, T = 320.18 K, and A = 1000
W/m®, T = 298.18 K respectively. They can be
minimized for adequate choices of the component of
dc/dc converter.

The simulations of the MPPT show that the system is
stable. The oscillations about the computed optimal
operating point are due to the switching action of the
dc/dc converter. The transients between operating points
are natural for a dynamic system which is controlled by a
PI type controller.

Conclusion

In this paper, a method that forces a photovoltaic panel
to operate at its maximum power point under variable
temperature and irradiation conditions is developed. This
method is tested by simulations in Matlab software. It
has been concluded that the method was able to track the
irradiance and the temperature level change rapidly. The
PI regulator used in this work for controlling the boost
dc/dc converter in order to get the system operating at
the PV maximum power is synthesized by frequencial
synthesis using Bode method. So, we have developed a
transfer function of global model using a small signal
method by taking into account the losses in the dc/dc
converter. Simulations show that the regulation is robust
against disturbances.
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