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complicated changes in their current, voltage and dissipated power. Further-
more changing the output voltage according to load requirements causes
heavy stress on the transistor in terms of current, oscillations and losses as
well. Simulation results show that there are optimized values of irradiation,
chopper voltage and duty cycle where the transistor losses are minimized. In
addition to that, projecting the transistor losses over the daylight time at a
given irradiation rate shows how these losses vary among the year, and the
amount of energy dissipated across the main chopper switch which is around
2970 Whr/yr for the present case. Furthermore, the conducted simulation al-
so shows the occurred in the transistor behaviors when solar irradiation
changes, and can be serving for further studies.
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1. Introduction

Photovoltaic power is considered as a promised source for present and future

generations aiming at reducing the gas emissions causes by conventional energy

sources such as fossil and cool sources [1]. Therefore, it is worth mentioning to

investigate alternative clean energy sources and related conversion modules [2] [3].

AS well know photovoltaic systems consist of photovoltaic source (PV), dc to dc

converter that can be boost or buck boost chopper, dc link and filter, dc to ac

converter (inverter) that can be single or multiphase voltage source or current

source inverter, and output AC filter that can be C, LC, CL, and CLC filter [4] [5].

In the photovoltaic solar system the most used choppers are either boost or

buck-boost in order to vary the voltage to be at the maximum power point by

varying the operation time of the chopper switch throughout varying the duty

cycle [5].

Various research articles describing the behaviors of chopper elements
mainly transistor switch (MOSFET) with respect to current, dissipated power,
and switch current distortion [6] [7]. The occurred losses vary significantly as
the irradiation level changes during the day time, and that varies seasonally,
therefore optimized chopper’s configuration could be a subject for further in-
vestigations.

With respect to the signal quality a pulse width modulation converters (PWM)
is used in combination with a maximum power tracker module using perturb
and observation approach (P&O). The produced unwanted voltage and current
harmonics that are limited by increasing the rate of the modulation frequency of
both chopper frequency and inverter frequency [8] [9] reduces the size of the
used filter but causes a significant change in chopper losses. Decreasing the
chopper losses and size of chopper elements can be achieved by proposing mod-
ified chopper configurations as illustrated in [10] [11].

The importance of this work:

The described mathematical models for determining the occurred in the
chopper losses are concentrated over the non-linearity change of these losses for
a given instant of time, while the present work gives an integrity approach for
these losses for a wide interval of time and can give an estimated amount of dis-
sipated energy among the year for the most important chopper’s element which
is the power transistor.

The main aims of this paper are:

e Deriving mathematical expressions that presenting the chopper duty cycle,
current and losses with respect to the local irradiation, and projecting the
proposed model for certain chopper and panel data.

e Determining the irradiation rate at which chopper switches dissipate mini-
mum heat in terms of drawn power.

e Determining the duty cycle operation ranges at which the losses are main-
tained at minimized level.

e Presenting these behaviors in terms of integral annual energy value.
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2. Mathematical Modeling and Simulation

Refer to the proposed on Figure 1 principle PV-Boost system, where the gener-
ated from the PV source power is maintained at maximum value 2, according
to the solar irradiation level. After that this voltage is regulated throughout boost
chopper with modified control to maintain the chopper voltage V., at that value
corresponding to the maximum power extracted and corresponding reference

voltage Vi

2.1. The Concept of Boost Chopper

As previously mentioned, Boost converters are used to raise up the output vol-
tage to a large values by transferring the accumulated in the inductor energy
which is converted into a voltage to the output. Figure 2 illustrates conventional
boos converter having main inductor element Z;, chopper switch @, bypass di-
ode D, to prevent back capacitor discharge and capacitance G.

The function of L, is transferring energy to the load during off-state of the
chopper switch and to maintain continuous current mode, while the function of
C is to energize the load during on-state of the chopper switch, and to reduce

the output voltage ripples.

2.2. Mathematical Model of Boost Chopper

Taking into account the principle chopper’s time-diagram shown on Figure 3,
where the inductance voltage and current waveforms are displayed during two
transistor operation modes. The inductance voltage during on-state interval with
0<t<DT by assuming linear current change due to large value of the induc-
tance is given by (1), [2].

di_(on Ai Ai

dt((on)) =har =R M

~

Vi (On) =Vey =Ly

where 7'is the chopper switching period, D is the duty cycle, 7 is the inductor

current, and Zpy is the solar panel current. For this circuit 7; = zpy.

Boost
Chopper

PV Source

Vref I

Figure 1. Principle of solar-PV system.
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Figure 2. PV-boost chopper circuit. (a) Conventional configuration;

(b) Equivalent circuit.
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Figure 3. Chopper waveforms. (a) During on-state; (b) During off-state.

The inductance voltage during the off-state interval with DT <t<(1-D)T

is given by (2).
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di (off), . Al Al
dt (Oﬁ):LlAT _L1(1—D)T'

onoff

(2)

VLl(Off ) =Voy =V, =L

Taking into account that at steady state the net change in the inductor cur-
rents among one period equals zero, and these currents have linear change due
to high inductive character of the complete circuit, therefore combining (1) and
(2) yields:

. . V Vo, =V,
Ai +Ai  =-PLDT +--—2(1-D)T =0.
3)
V V
noV,=—Frand I, =—=.
-D R

L

where Vo, Io are the load voltage and current respectively, and R; is the load re-
sistance.

The critical inductance L, needed to realize continuous current mode is given
by (4).

L = R.. (4)

where fis the chopping frequency.
The required capacitance needed to realize minimum voltage ripples is given
by the (5).

D

C=r . (5)
[AVO]f R
Vv

0o

AV,
where [V_Oj is the output voltage ripples.

o
The dissipated power of the circuit can be divided into:
1) Inductor conduction losses due to internal inductor resistance I; can be

expressed as in (6).

Pr=rn,- Ifrms =TIy IEl + Alfl . (6)
243

Ve -D
where, Al , =-— presents the current change at the end of the on-state
or
mode.
\Y
|, =——— —the average inductor current over complete switching pe-
R (1-D

riod.

2) The switch (Transistor) conduction loss due to internal bulk resistance Iy

during on-state mode is stated in (7).

Pros :rDs'Iés :rDS%(4Ir?1in+|§1ax_2lmin'Imax)' (7)
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where the minimum and maximum current can be stated as follow:

| = Vey _VPV'D. | _ Vey _VPV'D. (8)
min RL (1_ D)z 2|—cr f max RL (1_ D)Z 2Lcr . f

3) The diode conduction loss due to internal bulk resistance I, during

on-stateinterval is stated as in (9).

1-D
Prf =rf IIZZ)M =rf ( 3 )(4Ir?1in+|r?1ax_2|min 'Imax)' (9)

4) The capacitance conduction loss due to internal resistance I, among the

operation period can be expressed as in (10):
PrCl:rC1'|él:r61|:D(|é_|r$1ax)+lriax:|' (10)

Combining (6) to (10), the total chopper loss during one operation period is
stated in (11).

P

 oss = Pl + Pl + P +Pr,. (11)

Because of this paper is concentration on the boost chopper behaviors, and
the transistor switch presents the power driver of the circuit, therefore the fol-

lowing description should only be focused on transistor losses Pry.

2.3. The Effect of Solar Irradiation Variation

When solar irradiation intensity varies during the day time causes significant
change in the extracted power in terms of voltage and current at given tempera-
ture. The significant variation occurs in the generated current, while light
change in the voltage. In order to estimate the effect of these parameters on the
circuit performances there is a need to derive system parameters in terms of so-

lar irradiation G as follows:

2.3.1. Photovoltaic Parameters

According to the equivalent circuit of solar cell displayed on Figure 4 where the
solar irradiation is converted into photo current Z,; [12] [13]. Based on this cir-
cuit, the cell voltage at standard test conditions can be stated according to (12),
[14].

A-K-T I, +1, =1,
o= cln( ph d p J_RS'IPV' (12)
q ™
. Rs Ipv
> A >y
Id &

Ipv C’D D Rp /[‘ Vpv

Figure 4. Equivalent circuit for PV cell, [14].
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where, A is diode idealistic factor, G, is the reference solar irradiation; Z; is the
diode saturation current; 7, is the cell photo current, /i is the Photovoltaic cur-
rent, [ic is the shortcircuit current, K is Boltzmann constant, g is the electric
charge, and R, is the PV intersinc series resistance. The photo current in terms of

irradiation and temperature is stated in (13).

G
Iph:Np{lsc~G—+lt(TC —Tr)}. (13)
The output cell current is
qVo /Ns
L =Ny | =1y e -1 (14)

The diode current can be stated as
3 OB (1 1
L] S
Id :Ior(_cj AT T (15)

where, B is diode idealistic factor, Z, is the band gap energy of the semiconduc-
tor, T T, are the cell and reference temperature respectively; /,,, I; are constants
given at standard conditions. The idealistic diode factors A & B are with values
vary between 1 and 2 depending on I-V performance shaping and approxima-

tions.

2.3.2. Photovoltaic Performance
Taking into account the stated data in Table 1 for SUNPOWER photovoltaic
panel type SPR-315E-WHT-D with 315 Watts peak [15] with conversion effi-
ciency of 19.3%, where the panel I-V performances are shown on Figure 5 for
various irradiation rates.

Figure 6 illustrates the Simulink model [16] of PV panel and the obtained
current and power performances as function of the photovoltaic voltage. As well
shown from Figure 5 and Figure 6 there is a fully coincidence between the ca-

talogue and simulated performances at full sun.

7.0

6.0 —
1000 W/m?
5.0

4.0

800 W/m?

Current (A)

30—
20—

1.0
0.0

200 W/m?

0 10 20 30 40 50 60 70
Voltage (V)

Figure 5. Panel I-V characteristics [15].
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Figure 6. Simulink model & panel current at 1000 W/m? at standard test conditions. (a) Simulation

program; (b) Panel current.

Table 1. Data specification for SPR-315E-WHT-D.

q K Ipi Iq Rs Rp
1.602e-19C 1.38e-23]/°K 6.14 A 0.059 A 0.15Q 1090 O
Ns Np Veeir Voc Ise Virp
32 3 0.6V 64.6 V 6.14 A 547V
Tyrr E, Npm Vv Rioad Tc
5.76 A 1.1 1 547V 9.6 Q 25°C

3. Simulation Results and Analysis

3.1. Matching between the Chopper Parameters & Irradiations

There are several chopper parameters that varies proportionally or inversely as
the solar irradiation changes. The most important parameters are maximum
power point parameters Vypp Iyps duty cycle D, transistor current, transistor
current ratio CRI, transistor losses P;oss dissipated daily and annual energy.

The simulation program is built in Matlab/Simulink environment as shown
on Figure 7(a), while Figure 7(b) shows the solar irradiation change G, the
chopper and reference voltages, the PVand chopper power as the irradiation va-

ries during the day time.
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Figure 7. PV-Chopper simulation & results. (a) Matlab/SIMULINK program; (b) Irradiation levels, voltages and powers.
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3.1.1. The Effect of Solar Irradiation Change

Varying the solar irradiation has direct effect on chopper parameters as follow:

1) The voltage change

The relationship between the voltage at maximum power point Vjppand the

solar irradiation is displayed on Figure 8 where the discrete values of V., = f (G)

are interpolated and converted into continuous performance using spline inter-

polation in Matlab environment with mathematical expression stated in (16).

Vyer = 3,G° +3,G* +a,G +a,.

(16)

where @,,8,,8, and a, are irradiation coefficients with approximated values

for the described PV panel data.
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Voltage at maximum power vs Irradiation

58

42 r

40 1 1 1 1 L 1 1 1 L 1
100 200 300 400 500 600 700 800 900 1000 1100

G [W/m?]

Figure 8. PV voltage at MPP.

a,=1.2x10"°, a, =-3.31x10"°, a =0.031, a, =44.

2) Duty cycle change

The duty cycle change as the solar irradiation varies at constant reference vol-
tage form 55 V to 120 V is illustrated on Figure 9 and according to (3), where it
can be noticed that at V..r= 55V which is closed to rated value of Vjp at full
sun the duty cycle becomes D= 0, while at V,.r= 120 V the duty cycle becomes
D= 55%.
3) Transistor current at variousirradiation

Transistor current |, = f(G) at reference voltage of Vir= 120 V is illu-
strated on Figure 10(a) where this current has complicated character with
maximum value at certain irradiation, where this current can be presented with

approximated expression stated in (17).
lo =b,G* +b,G* +b,G* +b,G +by (17)
where the irradiation coefficients are:
b, =6.2x10%, b, =-1.7x10"°, b, =1.5x10"°, b, =-0.0049, b, = 2.5.

It can be noticed that at certain irradiation G = 600 - 800 W/m? the transistor
passes large current comparing with other irradiation levels which means the

transistor dissipated excess heat before and after noon time as shown on Figure
10(b).

3.1.2. The Effect of Reference Voltage Change

Varying the reference voltage forces the chopper to work at different values of
duty cycle, which in turn causes transistor conduction time variation; therefore
further investigations are required to study chopper parameters’ behaviors as
follow:

1) Average transistor current
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Duty cycle vs irradiation
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Figure 9. PV voltage at MPP.

Transistor current vs G
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Figure 10. Transistor current and losses vs. irradiations. (a) Transistor current
at Vref = 120 V; (b) Transistor losses.
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Figure 11 illustrates the average transistor current at full sun and variable ref-
erence voltage, where the current has mathematical expression stated in (18)
which indicates that at low reference voltage the transistor passes low current,
while at high voltage the current becomes large and causes huge losses.

IQAVg :av424+av323+avzzz+avlz+avo- (18)
o =85

Vr
where Z =———;
21

a, =-0.016, a,, =-0.097, a, =0.056, a, =0.73, a, =0.83.
2) Transistor dissipated losses
Changing the values of reference voltage leads to significant change in the oc-
curred losses as well shown on Figure 12 for different values of this voltage. The
obtained spline function for these losses is stated in (19).

Average transistor current vs reference voltage
18

16 L

1.4 L

lq[A]

0.8 L

0.6 |

0.4 L

Figure 11. Transistor current.

08 Transitor losses vs refrence voltage
. T T T T T

1000 W/m?2
= = Splined

06 [

Pq, Watt

02r

01 1 1 1 1
50 60 70 80 90 100 110 120

Vr,V

Figure 12. Transistor losses before and after interpolation.

DOI: 10.4236/sgre.2021.123003

42 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2021.123003

S. Khader, A.-K. Daud

Poavg = 82" +a,,Z° +8,2% +a,Z +ay,. (19)

where a,, =-0.081, a,; =0.074, a,, =0.056, a,, =0.062, a,, = 0.32.
3) Average transistorcurrent’s ratio
In order to study the effect of generated current harmonics and oscillations an
average current ration indicator CRI is introduced presenting the ratio between
transistor RMS current and average current for G;= 200 ... 1000 W/m?.
Figurel3(a) illustrates the instantaneous current ration as function of the ir-
radiation, and average ration as function of the reference voltage Figure 13(b),
where it’s shown that there are concrete reference voltage values where Cg has

minimum values.

Transistor current ratio vs Irradiation

28 T T T T T T
26 _—— S - o]
- - =
-_— -
24 mm—mT - = 55V
-------- 65V
I RTINS ST S —_—y
2.2 —_—80V
. - = 85v
= ol -— 95V
o | B e 105V
— 120V
1.8 H 7
---------------------------------- S B
1.6 Nl e e e —— = == ==
D ,"
b e - = — —
14 F = S o= T5 5
F""""""" T TT, S S RSMRAIPP
12 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900 1000
G,W/m2

()

transistor current ratio vs reterence voltage
26 L
24 L

22 L

1.8 |

CRI,-

1.6 |

1.4 L

1.2 |

(®)

Figure 13. CRI at various irradiation & constant Vref. (a) Instantaneous
CRI; (b) Average CRI.
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The derived mathematical expression for average current ratio is stated in
(20).

21 (6) 1y (B).

Cg (Vri)= Ng

(20)
where, 1. (G;) and 1,,(G;) are the RMS and average transistor currents at
given irradiation level; Ng= 17 are the number of simulated values of Sun irrad-
iation Gy=400 ... 1000 W/m>.

Refer to Figure 12 Cg, is converted into continuous function using spline in-

terpolation with expression stated in (21).
Cri (Vri): ac4zl4 +aC3213 +aCZZl2 +8c,Z + 8, (21)

where, Z, =(V,, —87)/19 , &, =26x10", a;,=-0029 , a,=016,
ac, =-0.27, a;, =15.

As displayed on Figure 13 the chopper losses become large at low reference
voltages, while the signal quality becomes better and enhanced at larger values of
reference voltage where Cg, —=1. This is the ideal case where the RMS current
equals the average value.

4) Transistor losses and the duty cycle

Figure 14 illustrates the chopper losses with respect to the duty cycle for three
values of reference voltage of 80 V & 120 V, where it can be shown that there are
a concrete values of D at which the chopper switch produces great losses and
generates excess heat.

Furthermore, at large values of D these losses became minimum. The mathe-

matical expression presents this change of losses is stated in (22) at V,.,= 120 V.
Py (D) =2,,Z° +a,,Z% +a,Z +a,; (22)

D-0.56
Where, Z= W’ ap3 = 0011, apz = —0017, a.pl = —0043, a.po =0.77.

3.2. Daily & Annually Estimated Transistor Losses

In order to estimate the daily and annually transistor loses, first the daily profile
of solar irradiation for certain site with latitude and longitude angles under clear
sky is derived. Second, transistor loss expression in terms of solar irradiation is
formulated, then the obtained expression is projected over the daily profile of
the solar irradiation for certain day of the year, and finally the annual transistor

losses are stated.

3.2.1. Solar Irradiation Profile

Suppose that the described chopper circuit is connected to a PV panel located
in city of Hebron, Palestine with latitude and longitude coordinates are:
31°31'45.66"N and 35°5'37.68"E. According to Figure 15 the simple and ap-

proximated equation for solar irradiation is given by (23) [17] [18].
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G(t) =Gy, sin(%(t—tw )j, te St<T +tg,. (23)

where, G is the radiation at noon time with values of 1000 W/m?, ts is the sun
rise time for given day, and 7'is the day duration.

These parameters are briefly described in [17] [19]. Assuming clear sky condi-
tions and negligible sunlight reflection, Figure 15 shows the irradiation level for
last day of April, June, September & December, where it can be shown that June
month has the largest daylight time with 14 hours duration, while December has
the approximately shorter daylight time with 9.9 hours duration.

Transistor loss vs Duty cycle
0.46

T T T T T T

= == Real
0.44

e Splined i

0.42 L

04 L

038 [

036 [

Pq, Watt

034 L

032 [

03

0.28 I L

(a)

Transistor loss vs Duty cycle
08 —

0.78 L

0.76 L

0.74 L

Pq, Watt

072 L

0.7 L

0.68 1 1 1 1 1 1 1 1 ! |
0.54 0.545 0.55 0.555 0.56 0.565 0.57 0.575 0.58 0.585 0.59

D

(b)
Figure 14. Transistor losses vs. duty cycle. (a) Vref = 80 V; (b) Vref =120 V.
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Solar irradiation profile at noon time
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Figure 15. Solar irradiation for various months.

3.2.2. Projection the Transistor Losses

Having the solar irradiation profile for any day of the year, the transistor losses
can be projected over that day, and the daily and annually losses can be precisely
determined.

As first step transistor losses is interpreted in term of solar irradiation as
shown on Figure 16, then 6" order spline function is generated with high rate of
coincidence between the simulated and spline curves function.

The generated spline function is expressed in (24) at fixed chopper reference
voltage of V,=120 V.

Poo

(G)=a,Z°+a,Z° +a,,Z" +a,Z° ++a,Z° +a,7 +a,,. (24)
where,

~ G-600
250

a,, =—0.043, a, =—0.066, a, =0.062, a,, =0.78.

z a,, =-0.0083, a, =0.01, a,, =0.04,

Now, substituting (23) in (24) yields expression stated in (25) for transistor
losses in terms of maximum irradiation rate, sunrise time, daytime duration and

solar declination angle for certain day of the year.

KGW sin %(t —te, )J - 600}

Z= . 25
250 (25)

Figure 17 shows the variation of these losses during day time in accordance

with solar irradiation values displayed on Figure 15.
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Transistor Power vs Irradiation
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Figure 16. Transistor losses at vref = 120 V.
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Figure 17. Transistor losses vs. day duration.

As shown from this figure at local noon time [19] [20] the transistor approx-
imately has the same losses for all months, while at moderate early morning and
late afternoon time these losses increased significantly. The reason for that is the
increase in duty cycle according to Figure 9 which in turn increases the transis-

tor conduction time causing additional losses to be generated.

3.2.3. Average Daily Transistor Losses

In addition to circuit current, transistor bulk resistance during on-state mode,
transistor losses changes as well during the daytime from sunrise to sunset in-
terval, therefore the average daily transistor losses vary as well, and depend on

the day duration which is variable among the 365 days of the year.
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Way out from Figure 18 where transistor losses for the longest and shortest
days of the year are displayed. The average daily power can be calculated taking
into account (23) by assuming that only ay, a4, and ag exist in order to simplify
the average power expression without significantly affecting the accuracy of the
result. Then, the obtained result is multiplied by loss correction factor Kj in or-
der to compensate the stated assumption regarding power coefficients ag - .

To do that, first the maximum occurred transistor losses are determined at the
longest day of the year which is 23rd of June with day number of m = 173 cor-

responding to maximum day duration 7. is stated in (26).

K 2 4A B
IDQAV (Tmax ) = T_qj'::: PQD (nl)dt = agz [%—%4— Bé]
max (26)

2A,
+agl£T+ ij+ago.

where A :(ELSE' B,=24 and Kq =1.12.

Analytically solving this equation and refer to Figure 18 it’s shown that, the
obtained average losses are 0.77 Watt which fits with the displayed performance.
Therefore, the average daily losses for any day of the year can be expressed ac-
cording to (27).

T(n

"),

max !

Poay (n) = n =1~ 365 days. (27)

max

The simulation results of power loss equation is displayed on Figure 19
Where it’s shown that the maximum daily transistor losses occur during sum-
mer time with maximum value on June 23". Combining displayed data on Fig-
ure 18 and Figure 19 the dissipated energy in the transistor is calculated ac-
cording to (28) with results displayed on Figure 20.

Transistor Losses vs duration
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Figure 18. Transistor losses limit.
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Average transistor losses per day
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Figure 19. Average transistor losses per day.

Daily transistor dissipated energy.
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Figure 20. Dissipated energy per day.

Ey (n)=Poay (n)-T(n), n=1~365.

The dissipated in the transistor annual energy losses is expressed in (29).

Eamn = Z:G:Sl PQAV (n) T (n)

400

(28)

(29)

As a result of applied mathematical approach for estimating the transistor

energy losses the total dissipated annual energy in the transistor is around 2970

W.hr/yr.

4. Conclusions

The present work creates new aspects for further research and a comparison
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analysis between various types of DC choppers. The simulation results stated

that chopper behavior varies in a wide range as the solar irradiation, chopper

reference voltage and duty cycle vary as well. The following key points can be
underlined:

- The conducted research just targeted the occurred losses in form of dissi-
pated energy converted into heat in the main transistor switch of the chopper,
while the occurred losses in the rest of chopper elements can be subject to
future research tasks.

- During the daylight time as the solar irradiation changes continuously at a
given reference voltage causes a nonlinear change in the transistor current
with a peak value at solar irradiation of 700 W/m? resulting in maximum dis-
sipated power.

- Boosting up the chopper voltage to greater values far from the panel rated
voltage at maximum power resulting in heavy drawn transistor current and
dissipated power.

- Furthermore, boosting up the voltage to greater values causes a further de-
crease in the current ratio representing the relationship between average and
RMS transistor currents. This indicator means that as the RMS current closes
to the average the transistor should be exposed to less current stresses and
less dissipated power in form of heat.

- Regulating the chopper voltage throughout its duty cycle at given solar irrad-
iation causes a significant change in losses with maximum values at the cer-
tain reference voltage.

- Transistor losses changes during the daytime profile and varies throughout
the year. Transistor chopper has great losses before and after noon time,
while at exact local noon time thee losses drops slightly.

- The daily sunlight duration varies among the year with the longest day in
June and the shortest in November resulting in variable dissipated power
losses and energy.

Having the total transistor dissipated power and energy a comparison analysis
with respect to the panel annual energy can be done.
In addition to that an optimizing procedure can be applied when selecting

different switches regarding the occurred losses and dissipated energy.
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