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Theoretical and Experimental Analyses of
Photovoltaic Systems With \oltage- and
Current-Based Maximum Power-Point Tracking

Mohammad A. S. Masoum, Hooman Dehbonei, and Ewald F. Fiehsw, IEEE

Abstract—Detailed theoretical and experimental analyses are ~ Many MPPT techniques have been proposed, analyzed, and
presented for the comparison of two simple, fast and reliable max- jmplemented. They can be categorized as

imum power-point tracking (MPPT) techniques for photovoltaic “ " .
(PV) systems: the voltage-based (VMPPT) and the current-based A) Look-up table” methods [9]-{11]—The nonlinear

(CMPPT) approaches. A microprocessor-controlled tracker and time-varying nature of solar cells and their great
capable of online voltage and current measurements and pro- dependency on radiation and temperature levels as
grammed with VMPPT and CMF’PT algorithms is constrycted. well as degradation (aging' dirt) effects, make it diffi-
The load of the solar system is either a water pump or resistance. cult to record and store all possible system conditions

“Simulink” facilities are used for simulation and modeling of the

novel trackers. The main advantage of this new MPPT, compared B) “Perturbation and observation (P&0)” methods

with present trackers, is the elimination of reference (dummy) [12]-[14]—Measured cell characteristics (current,
cells which results in a more efficient, less expensive, and more voltage, power) are employed along with an on-
reliable PV system. line search algorithm to compute the corresponding

Index Terms—Maximum power, photovoltaic, pump, tracker. maximum power point independent of insolation,

temperature, or degradation levels. Problems with
this approach are undesirable measurement errors

I INTRODUCTION (especially for current) which strongly affects tracker
HOTOVOLTAIC (PV) systems find increased use in accuracy.
electric power technologies. The main drawbacks of PV C)  “Computational” methods [15]-[19]—The nonlinear
systems are high fabrication cost and low energy-conversion V-I characteristics of solar panel is modeled using
efficiency, which are partly caused by their nonlinear and tem- mathematical equations or numerical approximations.
perature-dependeit—| and P—I characteristics. To overcome The model must be valid under different insolation,
these drawbacks, three essential approaches can be followed: temperature, and degradation conditions. Based on
1) Improving manufacturing processes of solar arrays: many the modeledV-I characteristics, the corresponding
research efforts have been performed with respect to ma- maximum power points are computed for different
terials and manufacturing of PV arrays [1]-[3]. load conditions as a function of cell open-circuit
2) Controlling the insolation input to PV arrays: the input voltages or cell short-circuit currents.

solar energy is maximized using sun-tracking solar col- In this paper, two simple and powerful maximum power-point

lectors [4]-[6] or rearranging the solar-cell configurationgracking techniques (based on “computational” methods) known

of PV arrays with respect to changes in environmentak voltage-based VMPPT [18] and current-based CMPPT [19]

conditions [7], [8]. are simulated, constructed, and compared. Theoretical and ex-
3) Utilization of output electric power of solar arrays: theperimental results illustrate the advantages and shortcomings of

main reasons for the low electrical efficiency are the nomoth techniques. Finally, the optimal applications of each tracker

linear variations of output voltage and current with solamre classified.

radiation levels, operating temperature, and load current.

To overcome these problems, the maximum power op- Il. RADIATION- AND TEMPERATUREDEPENDENT

erating point of the PV system (at a given condition) is SOLAR CELL CHARACTERISTICS

tracked using online or offline algorithms and the system i o
operating point is forced toward this optimal condition The nonlineav—I and P—I characteristics of solar cells are
[9]-[19]. well known [1]-[3]. Using the equivalent circuit of Fig. 1, the
nonlineaV—I characteristics of/ parallel strings withV series
_ _ _ cells per string is
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Fig. 1. Equivalent circuit of PV solar cell.
TABLE |
SPECIFICATIONS OFSILICON SOLAR PANELS (MANUFACTURED BY OFFC)
Current Temp. Coefficient | ¢ =0.002086 [A/°C]
Voltage Temp. Coefficient | g= 00779 [V/°C]
Reverse Saturation | 7, =05x107 [A]
Current
Short Circuit Cell Current | 7 w =1sc =2926 [A]
Cell Resistance R, =0.0277 [Q]
Cell Material Coefficient | A = (0.049 [1/V]
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Fig. 2. Computed (2) and measured nonlingat and P—| characteristics of

one OFFC silicon solar panel (Table I).
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Fig. 3. Computed ¢ signs) and linear (4) dependence of “cell current

corresponding to maximum power” versus “cell short-circuit current” for one
OFFC panel T = 25°C at varying insolation levels).
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Fig. 4. Computed #” signs) and linear (5) dependence of “cell voltage
corresponding to maximum power” versus “cell open-circuit voltage” for one
OFFC panel{ = 25°C at varying insolation levels).

2.83 — ipy +0.000 01
0.000 01

Upy =1.821n < ) —ipy.  (3D)
Equations (3a) and (3b) are evaluated for one OFFC panel at
T = 70°C andT = —20°C, respectively.

Equations (2) and (3) along with Fig. 2 depict the strong non-
linear dependency of maximum power point (MPP) with respect
to insolation and temperature levels and justify for any highly

cell resistance, anilis a constant coefficient and depends UpOogicient PV system an accurate MPP tracker.

the cell material.

For the silicon solar paneM = 1, N = 36) used for the the-
oretical and experimental analyses of this paper [Table |, manu-

I1l. V OLTAGE- AND CURRENT-BASED MPPT TECHNIQUES

factured by the Iranian Optical Fiber Fabrication Co. (OFFC)], To determine the operating point corresponding to maximum

(1) can be written as

Iy — ipy +0.00005
0.000 05

Upo = 1.7671In ( > i (2)

Computed (2) and measurs@-l as well asP—I characteris-

power for different insolation levels, (2) is used to compute the
partial derivative of power with respect to cell current. Refer-
ence [19] employs numerical methods to show a linear depen-
dence between the “cell currents corresponding to maximum
power” and the “cell-short circuit currents”

tics for the OFFC panel are shown in Fig. 2 for two insolation

levels. This figure illustrates the variations of the cell maximum
power point (e.g., the maximum of tire-l curves) with respect

to insolation levels.

Unfortunately, there also exists for tie-I characteristics a
nonlinear relationship with respect to temperature. Consideri
the impact of temperature variation [3], (2) will have differe
coefficients for different temperatures at the same insolatiQ

level

3.005 — i, + 0.000 24
0.000 24

Upy =1.691n ( ) — iy (38)

Inp = MclIsc. (4)

This equation characterizes the main idea of the current-based
maximum power-point tracking (CMPPT) techniquel is
called the “current factor” and is equal to 0.86 for the OFFC
B%con panel (Table I). Equation (4) is plotted in Fig. 3 together
ith the computed (almost linear) dependencelgfp with
Qspect ta/s¢ (indicated by “4+” signs).

A similar approach is takenin [17]. It is shown that “cell volt-

ages corresponding to maximum power” exhibit a linear depen-
dence, independent of panel configuration, with respect to cell
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Fig. 5. Simulation of a resistive-load PV system with VMPPT (in buck mode): (a) circuit diagram; (b) detail of “PV source” block; and (c) detail of"VMPP
block.

“open-circuit voltages” for different insolation and temperature ' ' ' ' W
levels c¥ [ ]

o

o

i

Vup = MyVoc. (5) 2

$ | i
This equation represents the concept of the voltage-based max- S'10 :
imum power-point tracking (VMPPT) technique ahfl-,which 8
is called the “voltage factor,” is equal to 0.71 for the OFFC sil- 0 , . . . 4|
icon panel. Equation (5) is plotted in Fig. 4 along with the com- 0 065 01 0.1 02 0%

puted (almost linear) dependence. According to Figs. 3 and 4, Time sec)

CMPPT and VMPPT techniques are simple and fast methods - ' ' ' ' _
for maximum power-point estimation. 3 o
S
IV. SIMULATION OF VMPPT AND CMPP TECHNIQUES £
Simulink software and its facilities are used to model a resis- %m WM
tive-load solar system with a VMPPT (in buck mode) tracker as §
shown in Fig. 5(a). 0 l \ - IA

il

For the solar cell equivalent circuit, we have created a block 0% 01 05 02 0%
called “PV source” as shown in Fig. 5(b), which simulates the Time (sec)
nonlineaV—I characteristics of one OFFC panel (2), employing
the cell short circuit (Isc) as a measure of insolation level. V\'f(%g 6. Computed (using Fig. 5) voltage, current, and power characteristics
h introd d a del f ti to limit the fast t of the PV panel (top graph) and at the 3)5resistive-load (bottom graph)

ave introduced a delay tunction to himi e 1as _Curren %51 the PV system with a buck-mode VMPPT. Compare these results with the

sponse of the “controlled voltage source” and to improve therresponding measured characteristics of Fig. 11.
convergence of solution.

For the voltage-based PPT equivalent circuit, we have usedal open-circuit voltage [using Isc and (2), compares it with the

block call “WVMPPT” as shown in Fig. 5(c). This block computed$V output voltage using (5) and calculates the firing commands

(=]



MASOUM et al: PHOTOVOLTAIC SYSTEMS WITH VOLTAGE- AND CURRENT-BASED MAXIMUM POWER-POINT TRACKING 517

' ‘ ‘ ' d) for a CMPPT tracker: online measurements of panel
W short-circuit current, estimation of panel maximum
power points (4), and continuous matching of load oper-
ating point with the panel maximum power condition.
The multipurpose MPP tracker, which is placed between the
OFFC silicon panel and the selected load (resistive or water
pump), consists of the following main parts (Fig. 8):

=
=}

=

=

=]

PV (With VMPPT)
=

1A

: . A a) a series switch which is used for online measurement of
0 015 02 025 panel open-circuit voltage. The sampling is done when
T (ec) the load is disconnected by the PWM command signal;
' ' ' ' b) ashunt switch for online measurements of panel short-cir-
cuit current. This is done by sampling the voltage drop
W across a 5/8@ resistor during the time when PWM dis-
o connects the load from the PV panel;
¢) adc/dc converter which can operate in buck or boost mode
according to load requirements (e.g., a resistive load may
operate in either mode, while a motor load usually oper-
: : : ‘ n ates in boost mode),
0% 0 0% 0 0% d) the driver circuitry is controlled by a microcontroller unit
Tie se) (MCU) [[18 Fig. 7]], which has the full responsibility of
converter switching;
Fig. 7. Computed voltage, current, and power characteristics of the PV panele) the 80C51 MCU [18] computes the command signals

=}
=
=
=

=

B3

Load (With VMPPT)
=

=

=

(top graph) and at the 158-resistive-load (bottom graph) for the PV system based on the selected conditions (e.g., VMPPT or
with a boost-mode VMPPT. Compare these results with the corresponding CMPPT. buck b t d d load h teristi
measured characteristics of Fig. 13. , buck or boost mode) and load characteristics.

It consists of digital-to-analog and analog-to-digital
converters (DACs) and (ADCs), switch drivers, power
for the pulse-width- modulation (PWM) block]. We have also supplies, display, and keyboard. This MCU relies on
introduced a delay function for the same reason as in Fig. 5(b).  measured information (e.g., panel output and open-cir-
Fig. 6 shows computed voltage, current, and power charac- ¢yt voltages or panel-output and short-circuit currents)
teristics of Fig. 5 at the output of the “PV source” block (top and the selected tracking technique (e.g., VMPPT or
graph) and across the 3(bresistive load (bottom graph). There CMPPT) to compute and send appropriate firing signals
is good agreement between the computed (Fig. 6) and measured o converters and switches:
(Fig. 11) results for the resistive-load PV system witha VMPPT 1) gjodes D1 and D6 which operate according to user require-
(in buck-mode) tracker. The captured maximum power is ap-  ments. For example, for a VMPPT in boost mode only D6
proximately 32 W. conducts. For a CMPPT in buck mode, only D1 operates
For a boost mode of the buck/boost converter we deactivate  and for CMPPT in boost mode, both diodes will have to
the series switch (see Fig. 8) and activate the shunt switch, re-  conduct. The voltage drop across each diode is approxi-
move the diode, and place it after the inductor and increase  mgately 0.8 V.
the load resistance to 15¢(5 We can simulate and plot the re-
sults_ for a boost-mode VMPPT as shown in I_:|g. 7. The resuﬁls h circuit losses designed for the comparison of VMPPT and
are in good agreement with the corresponding measureme

of Fig. 13. Similar results were obtained for PV systems with. PP.T algorithms. In actual trackers, olnly one _tracking t_ech_—
VMPPT and motor loads, as well as PV systems with cmppYave is employed and many parts of this experimental circuit
and resistive and motor loads. are not required.

The circuit of Fig. 8 is an experimental setup, with relatively

V. CONSTRUCTION OFVMPPT AND CMPPT &STEMS

) ) VI. MEASURED CHARACTERISTICS OFVMPPT AND CMPPT
For the experimental comparison of VMPPT and CMPPT

techniques, a microprocessor-based tracker (Fig. 8) with the folyn order to investigate the performance of VMPPT and

lowing capabilities was constructed and used: CMPPT techniques under different operating and load condi-
a) implementing VMPPT and CMPPT techniques; tions, the tracker of Fig. 8 was used with resistive loads as well
b) continual control of dc/dc converter (buck or boost mode&s motor loads with and without the selected MPP tracker.
according to the selected tracking method; Fig. 9 shows the measurad-I and P—I characteristics for

c) for a VMPPT tracker, online measurements of panglpical insolation and temperature levels (e.g., operating condi-
open-circuit voltage, estimation of panel maximuntions of Figs. 11 and 12). The impact of voltage factdfy()
power points (5), and continuous matching of load opevariations is measured and plotted in Fig. 10, which confirms
ating point (e.g., by changing motor speed or adjustirthe unique value oy = 0.71 for OFFC silicon panels as re-
resistor power) with panel maximum power condition; ported in [17].
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Fig. 8. Constructed multipurpose microprocessor-based tracker used for the analysis and comparison of VMPPT and CMPPT techniques.

of the resistive loadf = 3.5 2) with and without VMPPT
e ] (in buck mode). Comparing these time functions with the cor-
5l | responding computed characteristics of Fig. 6, we notice good
agreement under transient and steady-state conditions.

Fig. 12 shows similarly measured characteristics under the
% ] same insolation and load conditions using the CMPPT tech-
nigue. As expected and reported in [18], [19], both techniques

%w' estimate the panel maximum power resulting in considerable

$s : increases of PV output power (e.g., approximately 20% and
. - 10% for VMPPT and CMPPT, respectively) and system-output
1] 086 i 15 2 25 3

Curent 14 power (e.g., about 12.5% and 4% for VMPPT and CMPPT, re-
spectively). Considerable power losses are due to the multipur-
Fig. 9. Measured/—I andP—-I characteristics corresponding to the operatin@ose tracker (Fig. 8), designed to evaluate VMPPT and CMPPT
conditions (insolation and temperature levels) of Figs. 11 and 12. algorithms. The zero power readings on the measured charac-
M teristics (e.g., at = 0.17 s and¢t = 0.08 s in Figs. 11 and
| 12, respectively) correspond to the online open-circuit voltage
. PPy or online short-circuit current measurements of the solar panel.

]

B. Motor Load

-]

Without YMPPT

A solar water pump was constructed by replacing the resis-
tive load of Fig. 8 with a small permanent magnet dc motor
(24 V, 45 W) coupled with a centrifugal pump. Figs. 14 and
15 demonstrate the measured time functions for VMPPT and
) CMPPT tracking procedures, respectively. Analyses of these
0 o o1 015 02 0 graphs indicate

Time [s]

a) The insolation levels of the two experiments are not the
Fig. 10. C_omparison of measured_ panel output power (re_sistiveﬂbad same, which results in different PV maximum powers
3.5 Q) for different voltage factors using VMPPT (at constant insolation level). (e.g., approximately 325 W in Fig. 14 and 34 W in

Fig. 15).
b) The zero-power instants indicate PV panel open-circuit
Fig. 11 displays measured voltage, current, and power char- voltage (e.g., at = 0.22 s in Fig. 14) or its short-circuit

acteristics at the output of the solar panel as well as at the input  current measurements (e.g.zat 0.11 s in Fig. 15).

Panel Qutput Power [W]
&

5

n

A. Resistive Loads
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Fig. 11. Measured time functions of voltage, current, and power at the output of the solar panel and at the input of the resisiive=I@agd (2) with and
without VMPPT (in buck mode). Compare these with the corresponding computed characteristics of Fig. 6.
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Fig. 12. Measured time functions of voltage, current, and power at the output of the solar panel and at the input of the residive-lgadl {2) with and
without CMPPT (in buck mode).

¢) Comparing the left and rightside graphs, one notes the fine  25)W = 7.5 W. This is due to the complicated nature of
tracking performance of both methods which results in CMPPT hardware.
considerable increases in the panel output power (about) As expected, the output time functions of the dc motor
41%) as well as in the overall system output power (ap-  are distorted due to commutation. The presence of a

proximately 30%). maximum power-point tracker (especially CMPPT)
d) Circuitlosses are larger for the CMPPT system of Fig. 15,  results in considerably larger waveform distortion due
e.g., approximately34 — 22.5)W = 11.5 W, compared to PWM and online voltage and current sampling and

with the VMPPT system of Fig. 14, e.g., abdde.5 — amplification.
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Fig. 13. Measured time functions of voltage, current, and power at the output of the solar panel and input of the resisfive=ldad’(2) with and without
VMPPT (in boost mode). Compare these with the corresponding computed plots of Fig. 7. The insolation levels of Figs. 9 and 13 are different.

f) During motor starting, the system maximum power point  istics, environmental factors (insolation and temperature),
is instantly passed and recorded. This is due to the starting and the type of tracker used.
characteristics of a dc motor, initially forcing the system < Both types of trackers may be used either with
operating point in the “constant current” region of panel buck- or boost-type converters depending on the load
V-I characteristics. characteristics.

g) The presence of a MPP tracker increases the (system) times Online measurements of PV short-circuit and output cur-
constant (especially for CMPPT systems), this is due to  rents make CMPPT hardware more complicated and ex-

the variation of the system equivalent resistance. pensive compared with (same rating) VMPPT circuitry,
By increasing the load resistance (e.g., from 3.5 to 155 requiring voltage measurements only.
we can measure the characteristics of a VMPPT tracker in
boost mode (Fig. 13). These results indicate an increase of VIIl. CONCLUSIONS

approximately 37% in PV output power while the final output T ful and tical methods f .
power across the load has improved by about 26%. In order wo poweriul and practical methods for maximum power-

to capture the panel maximum power, the system operati §|ntthtrat\ﬁklng tqf TV s;l/st_em‘start? gw’yesgg‘z;t_ed ?ns,, :c:orq_i)_ared.
point is moved from the “constant current” region to th rthe theoretical analysis, “viatiab an imulinkfactiities

“constant voltage” region of th&/—I characteristic. In this are employgd andaml_JItipurpose microprocessor—basgd tracker,
process, the cell (panel) maximum power point is instant pable of implementing VMPPT and CMPPT techniques, is
passed and recorded as shown on the top-left power grap str'ucted and gsed. Based on the results presented before, the
Fig. 13 (att = 0.025 s). Compare these time functions with th ollowing conclusions may be stated.
corresponding computed plots of Fig. 7. » The linear current function used by the CMPPT technique
is a more accurate approximation of the actual nonlinear
PV characteristics compared with the linear voltage func-
tion of the VMPPT technique.

Based on the theoretical (F|gs 3_7) and experimenta| * VMPPT technique is naturally more efficient and has less
(Figs. 8-15) investigations of this paper, the following results ~ Circuit losses (especially for buck-mode trackers).
may be stated. As a result, the optimal MPPT methodology strongly de-

« Both VMPPT and CMPPT techniques are fast, practicd?€nds on matching load and tracker characteristics. Considering
and powerfu| methods for MPP estimation of PV geneﬁhe natural behavior, advantage, and limitations of CMPPT and
ators under all insolation and temperature conditions; tY&VIPPT techniques, the following suggestions are made for
resulting output powers are increased (e.g., 12.5, 4, 26, 3gme typical PV loads:
and 31% in Figs. 11 and 12 and 13 and 14, respectively). « PV loads, which require low-voltage and high-current out-
The increase in output power depends on load character- puts (e.g., battery chargers and low-resistance loads), are

VII. ComPARISON OFVMPPT AND CMPPT TECHNIQUES
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Fig. 14. Measured time functions of voltage, current, and power at the output
(in boost mode).

of the solar panel and input of the dc motor (24 V, 45 W) with and witffout VMPP
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Fig. 15. Measured time functions of voltage, current, and power at the output
(in boost mode).

best matched with the VMPPT system and result in better
overall performance (cost, efficiency, and noise).

* PV loads with high voltage and low current (e.g., mo-
tors and high resistive loads) could be matched with either
VMPPT or CMPPT systems, but the VMPPT technique
will result in simple hardware with higher efficiency and
lower noise and cost.

of the solar panel and input of the dc motor (24 V, 45 W) with and witHout CMPP
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