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appiications  Comparative Study of
Maximum Power Point
Tracking Algorithms
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Maximum power point trackers (MPPTs) play an important role in photovoltaic (PV)
power systems because they maximize the power output from a PV system for a given
set of conditions, and therefore maximize the array efficiency. Thus, an MPPT can
minimize the overall system cost. MPPTs find and maintain operation at the maxi-
mum power point, using an MPPT algorithm. Many such algorithms have been pro-
posed. However, one particular algorithm, the perturb-and-observe (P&0O) method,
claimed by many in the literature to be inferior to others, continues to be by far
the most widely used method in commercial PV MPPTs. Part of the reason for this
is that the published comparisons between methods do not include an experimental
comparison between multiple algorithms with all algorithms optimized and a stan-
dardized MPPT hardware. This paper provides such a comparison. MPPT algorithm
performance is quantified through the MPPT efficiency. In this work, results are
obtained for three optimized algorithms, using a microprocessor-controlled MPPT
operating from a PV array and also a PV array simulator. It is found that the P&O
method, when properly optimized, can have MPPT efficiencies well in excess of 97%,
and is highly competitive against other MPPT algorithms. Copyright © 2002 John
Wiley & Sons, Ltd.

KEY WORDS: maximum power point tracking; power electronics; digital control; MPPT
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INTRODUCTION

in Figure 1. There is a unique point on the curve, called the maximum power point (MPP), at which the

array operates with maximum efficiency and produces maximum output power. When a PV array is
directly connected to a load (a so-called ‘direct-coupled’ system), the system’s operating point will be at the
intersection of the -V curve of the PV array and load line shown in Figure 1.

In general, this operating point is not at the PV array’s MPP, which can be clearly seen in Figure 1. Thus, in a
direct-coupled system, the PV array must usually be oversized to ensure that the load’s power requirements can
be supplied. This leads to an overly expensive system.

To overcome this problem, a switch-mode power converter, called a maximum power point tracker (MPPT),
can be used to maintain the PV array’s operating point at the MPP. The MPPT does this by controlling the PV

ﬁ PV array under constant uniform irradiance has a current—voltage (/-V) characteristic like that shown
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Figure 1. Typical current—voltage curve for a PV array

array’s voltage or current independently of those of the load. If properly controlled by an MPPT algorithm, the
MPPT can locate and track the MPP of the PV array. However, the location of the MPP in the /-V plane is not
known a priori. It must be located, either through model calculations or by a search algorithm. The situation is
further complicated by the fact that the MPP depends in a nonlinear way on irradiance and temperature, as
illustrated in Figure 2. Figure 2(a) shows a family of PV I-V curves under increasing irradiance, but at constant
temperature, and Figure 2(b) shows I-V curves at the same irradiance values, but a higher temperature. Note the
change in the array voltage at which the MPP occurs.

A number of MPPT control algorithms have been proposed. One algorithm, the perturb-and-observe (P&O)
algorithm, is by far the most commonly used in commercial MPPTs. However, there is as yet no consensus on
which algorithm is ‘best’, and many authors have suggested that perhaps the P&O algorithm is inferior to
others. This lack of consensus stems in part from the fact that the literature contains no comparisons of absolute
efficiencies of MPPT algorithms, with all algorithms using optimized parameters and operating on a standar-
dized MPPT hardware. Most of the reported comparisons are made between an MPPT algorithm and a direct-
coupled system' or between an MPPT algorithm and a converter designed for a fixed operating point.® Others
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Figure 2. (a) PV array voltage—current at 40°C at different irradiance levels; (b) PV array voltage—current at 50°C at different
irradiance levels
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Table I. Summary of previously reported MPPT efficiencies for the four algorithms considered here

Reference Reported MPPT efficiency (%)
Perturb-and-observe Incremental conductance Constant voltage Parasitic capacitance
6 81-5 89-9
5 85-0 88-0 73-0
12 85-0
14 99-8

report comparisons of one algorithm with another, but these generally compare an algorithm under test with
fully optimized parameters against a baseline algorithm (usually P&O), the parameters of which are not
described and appear not to be optimized.*®

The purpose of this work is to obtain such an experimental comparison and to suggest which MPPT control
algorithm is the most effective on the basis of MPPT efficiency, which is defined® as:

J;; Pactual (t>dt

[ P (1)1 B

TIMPPT =

where P, 1S the actual (measured) power produced by the PV array under the control of the MPPT, and P,,,,«
is the true maximum power the array could produce under a given temperature and irradiance. In this work, only
MPPT algorithms that could presently be implemented in a low-cost MPPT were considered. Fuzzy logic and
DSP-based systems were therefore excluded, and the following MPPT algorithms were chosen for further
investigation:

e perturb and observe (P&O)

e incremental conductance (INC)

e parasitic capacitance (PC)

e constant voltage (CV)

For each of these algorithms, there is a previously reported MPPT efficiency in the literature. A summary of
these results is given in Table I.

DESCRIPTION OF MPPT ALGORITHMS

Perturb-and-observe

The perturb and observe (P&O) algorithm is the most commonly used in practice because of its ease of imple-
mentation.” The most basic form of the P&O algorithm operates as follows. Consider Figure 3, which shows a
family of PV array power curves as a function of voltage (P-V curves), at different irradiance (G) levels, for
uniform irradiance and constant temperature. As previously described, these curves have global maxima at the
MPP. Assume the PV array to be operating at point A in Figure 3, which is far from the MPP. In the P&O algo-
rithm, the operating voltage of the PV array is perturbed by a small increment, and the resulting change in
power, AP, is measured. If AP is positive, then the perturbation of the operating voltage moved the PV array’s
operating point closer to the MPP. Thus, further voltage perturbations in the same direction (that is, with the
same algebraic sign) should move the operating point toward the MPP. If AP is negative, the system operating
point has moved away from the MPP, and the algebraic sign of the perturbation should be reversed to move back
toward the MPP.

The advantages of this algorithm, as stated before, are simplicity and ease of implementation. However, P&O
has limitations that reduce its MPPT efficiency. One such limitation is that as the amount of sunlight decreases,
the P-V curve flattens out, as seen in Figure 3. This makes it difficult for the MPPT to discern the location of the
MPP, owing to the small change in power with respect to the perturbation of the voltage. Another fundamental

Copyright © 2002 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2003; 11:47-62
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Figure 3. Photovoltaic array power—voltage relationship
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drawback of P&O is that it cannot determine when it has actually reached the MPP. Instead, it oscillates around
the MPP, changing the sign of the perturbation after each AP measurement. Also, it has been shown that P&O
can exhibit erratic behavior under rapidly changing irradiance levels.® Figure 4 shows a close-up view of the
solar array P—V characteristic near the MPP. Consider the case in which the irradiance is such that it generates
P-V curve 1 in Figure 4. The MPPT is oscillating around the MPP from point B to A to C to A and so on. Then,
assume the irradiance increases and the P—V curve of the array moves to curve 2. If, during the rapid increase in
solar irradiance and output power, the MPPT was perturbing the operating point from point A to point B, the
MPPT would actually move from A to D. As seen in Figure 4, this results in a positive AP, and the MPPT will
continue perturbing in the same direction, toward point F. If the irradiance is still rapidly increasing, the PV
power curve will move to G on curve 3 instead of to F on curve 2. Again the MPPT will see a positive AP and
will assume it is moving towards the MPP, continuing to perturb to point I. From points A to D to G to I the
MPPT is continually moving away from the MPP, decreasing the efficiency of the P&O algorithm. This situa-
tion can occur on partly cloudy days, when MPP tracking is most difficult, owing to the frequent movement of

the MPP.
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Figure 4. Illustration of erratic behavior of P&O under rapidly increasing irradiance
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Several improvements of the P&O algorithm have been proposed.’ One of the simplest entails the addition of
a ‘waiting’ function that causes a momentary cessation of perturbations if the algebraic sign of the perturbation
is reversed several times in a row, indicating that the MPP has been reached. This reduces the oscillation about
the MPP in the steady state and improves the algorithm’s efficiency under constant irradiance conditions. How-
ever, it also makes the MPPT slower to respond to changing atmospheric conditions, worsening the erratic beha-
vior on partly cloudy days. Another modification involves measuring the array’s power P at array voltage Vi,
perturbing the voltage and again measuring the array’s power, P, at the new array voltage V,, and then chan-
ging the voltage back to its previous value and remeasuring the array’s power, P/, at V. From the two mea-
surements at Vj, the algorithm can determine whether the irradiance is changing. Again, as with the previous
modifications, increasing the number of samples of the array’s power slows the algorithm down. Also, it is pos-
sible to use the two measurements at V; to make an estimate of how much the irradiance has changed between
sampling periods, and to use this estimate in deciding how to perturb the operating point. This, however
increases the complexity of the algorithm, and also slows the operation of the MPPT.

Constant voltage and current

The basis for the constant voltage (CV) algorithm is the observation from /-V curves like those in Figure 1 that
the ratio of the array’s maximum power voltage, Vjpp, to its open-circuit voltage, V¢, is approximately con-
stant; in other words:
Yure o g (2)
Voc

The constant voltage algorithm can be implemented using the flowchart shown in Figure 5. The solar array is
temporarily isolated from the MPPT, and a Voc measurement is taken. Next, the MPPT calculates the correct
operating point using Equation (2) and the preset value of K, and adjusts the array’s voltage until the calculated
Vmpp is reached. This operation is repeated periodically to track the position of the MPP.

Although this method is extremely simple, it is difficult to choose the optimal value of the constant K. The
literature reports success with K values ranging from 73 to 80%.'°"'* Figure 6 shows the actual K values
required for a given PV array over a temperature range of 0—-60°C and irradiance levels from 200 to 1000 W/m?.
These curves were calculated using the /-V relationship for a PV cell given in Equations (3, 4 and 5).

I=1I — los {eprquT{VHR} - 1} (3)
i)l (3]
1= (amg) s + Kna? = 73] )

Equation (3) is the Shockley equation for an illuminated pn junction. A is the diode ideality factor, g is the
charge on an electron, and R is the PV array’s series resistance. (The shunt resistance has been assumed large
enough to be accurately approximated as infinite.) Equation (4) accounts for the temperature dependency of
the reverse saturation current Ios. Iog is a function of the reference reverse saturation current I/og at the standard

Isolate Atray
from MPPT

Record Open Circuit | [Caleulate Vyqpp from
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¥
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Figure 5. Constant voltage algorithm flowchart
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Figure 6. Vypp as a percentage of Voc as functions of temperature and irradiance

test condition reference temperature Ty (25°C), Eg, the bandgap of the semiconductor used, the measured cell
temperature 7(°C), Boltzmann’s constant kg, and the charge on an electron g. Equation (5) gives the light-
generated current /1. as a function of irradiance G (W/mz), the array’s short-circuit current at standard test con-
ditions Igc, the temperature coefficient for current of the array Kt (A/°C), (which is typically very small), and
the array temperature 7(°C). Figure 6 indicates that the ratio K is not constant, but in fact depends on tempera-
ture and irradiance and varies by as much as 8% (absolute) over the entire range of conditions.

Constant voltage control can be easily implemented with analog hardware. However, its MPPT tracking effi-
ciency is low relative to those of other algorithms. Reasons for this include the aforementioned error in the value
of K, and the fact that measuring the open-circuit voltage requires a momentary interruption of PV power. It is
possible to dynamically adjust the value of K, but that requires a search algorithm and essentially ends up being
the same as P&O.

It is also possible to use a constant current MPPT algorithm that approximates the MPP current as a constant
percentage of the short-circuit current.'® To implement this algorithm, a switch is placed across the input term-
inals of the converter and switched on momentarily. The short-circuit current is measured and the MPP current
is calculated, and the PV array output current is then adjusted by the MPPT until the calculated MPP current is
reached. This operation is repeated periodically. However, constant voltage control is normally favored because
of the relative ease of measuring voltages, and because open-circuiting the array is simple to accomplish, but it
is not practically possible to short-circuit the array (i.e., to establish zero resistance across the array terminals)
and still make a current measurement.

Pilot cell

In the pilot cell MPPT algorithm, the constant voltage or current method is used, but the open-circuit voltage or
short-circuit current measurements are made on a small solar cell, called a pilot cell, that has the same char-
acteristics as the cells in the larger solar array.'? The pilot cell measurements can be used by the MPPT to oper-
ate the main solar array at its MPP, eliminating the loss of PV power during the Voc or Isc measurement.
However, the problem of a lack of a constant K value is still present. Also, this method has a logistical drawback
in that the solar cell parameters of the pilot cell must be carefully matched to those of the PV array it represents.
Thus, each pilot cell/solar array pair must be calibrated, increasing the energy cost of the system.

Incremental conductance

The incremental conductance algorithm is derived by differentiating the PV array power with respect to voltage
and setting the result equal to zero.® This is shown in Equation (5).

ap (Vi) ar
e v = he MPP
W= dv + VdV 0 at the (5)
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Rearranging Equation (5) gives
[ dl

Vv ©)

Note that the left-hand side of Equation (6) represents the opposite of the PV array’s instantaneous conduc-
tance, while the right-hand side represents its incremental conductance. Thus, at the MPP, these two quantities
must be equal in magnitude, but opposite in sign. If the operating point is off of the MPP, a set of inequalities can
be derived from Equation (6) that indicates whether the operating voltage is above or below the MPP voltage.
These 1re1ationships.6 are summarized in Equations (7a, b and c).

dl/ 1 dpP
AR <dV0> (7a)
drl 1 dr
—s_2: (Z=>0 b
A% (dV> ) (7)
dl 1 dr
v TV <W<O> (7c)

Equation 7(a) is a repeat of Equation (6) for convenience. Equations 7(b and c) are used to determine the
direction in which a perturbation must occur to move the operating point toward the MPP, and the perturbation
is repeated until Equation 7(a) is satisfied. Once the MPP is reached, the MPPT continues to operate at this point
until a change in current is measured. This change in current will correlate to a change in irradiance on the array.
As shown in Figure 3, as the irradiance on the array increases, the MPP moves to the right with respect to the
array voltage. To compensate for this movement of the MPP, the MPPT must increase the array’s operating
voltage. The opposite is true when a decrease in irradiance is detected (via a decrease in the measured current).

Figure 7 shows a flowchart for the incremental conductance algorithm.® The present value and the previous
value of the solar array voltage and current are used to calculate the values of d/ and dV. If dV=0 and d/=0,
then the atmospheric conditions have not changed and the MPPT is still operating at the MPP. If dV=0 and
dI > 0, then the amount of sunlight has increased, raising the MPP voltage. This requires the MPPT to increase

Record Load Voltage
and Current

Calculate
dl and dV

Increase Atray Decrease Array Dectease Atray Increase Array
Operating Voltage Operating Yoltage| |Operating Voltage Operating Yoltage
I I

Figure 7. Incremental conductance algorithm flowchart
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the PV array operating voltage to track the MPP. Conversely, if d/ <0, the amount of sunlight has decreased,
lowering the MPP voltage and requiring the MPPT to decrease the PV array operating voltage. If the changes in
voltage and current are not zero, the relationships in Equations 7(b,c) can be used to determine the direction in
which the voltage must be changed in order to reach the MPP. If d//dV > —I/V, then dP/dV > 0, and the PV
array operating point is to the left of the MPP on the P-V curve. Thus, the PV array voltage must be increased to
reach the MPP. Similarly, if d//dV < —1I/V, then dP/dV < 0 and the PV array operating point lies to the right
of the MPP on the P-V curve, meaning that the voltage must be reduced to reach the MPP. Herein lies a primary
advantage of incremental conductance over the perturb-and-observe algorithm: incremental conductance can
actually calculate the direction in which to perturb the array’s operating point to reach the MPP, and can deter-
mine when it has actually reached the MPP. Thus, under rapidly changing conditions, it should not track in the
wrong direction, as P&O can, and it should not oscillate about the MPP once it reaches it.

Parasitic capacitance

The parasitic capacitance algorithm is similar to incremental conductance, except that the effect of the solar
cells’ parasitic junction capacitance Cp, which models charge storage in the p—n junctions of the solar cells,
is included. By adding this capacitance to the lighted diode equation, Equation (3), and representing the capa-
citance using i(f) = CdV /dt, Equation (8) is obtained."*

Vb +Rsl dv d
IILIO[exp(PaS> } + Cp dP F(vp) + Cp ;;P (8)

On the far right of Equation (8), the equation is rewritten to show the two components of /, a function of
voltage F(vp) and the current in the parasitic capacitance. Using this notation, the incremental conductance
of the array gp can be defined as dF (vp)/dvp and the instantaneous conductance of the array, g;, can be defined
as —F(vp)/vp. The MPP is located at the point where dP/dvp = 0. Multiplying Equation (8) by the array
voltage vp to obtain array power and differentiating the result, the equation for the array power at the MPP
is obtained:'*

dF (vp) V Vv F(vp)
dup +CP<V V>+vp_0 9)

The three terms in Equation (9) represent the instantaneous conductance, the incremental conductance, and
the induced ripple from the parasitic capacitance. The first and second derivatives of the array voltage take into
account the AC ripple components generated by the converter. The reader will note that if Cp is equal to zero,
this equation simplifies to that used for the incremental conductance algorithm. Since the parasitic capacitance
is modeled as a capacitor connected in parallel with the individual solar cells, connecting the cells in parallel
will increase the effective capacitance seen by the MPPT. From this, the difference in MPPT efficiency between
the parasitic capacitance and incremental conductance algorithms should be at a maximum in a high-power
solar array with many parallel modules.

The array conductance is easily calculated, since it is just the ratio of the instantaneous array current to the
instantaneous array voltage. Obtaining the array differential conductance is more difficult, but it can be done'*
using Equation (10):

PR 8 > = R R A (10)

o i)+ ()]

where Pgp is the average ripple power, Vo is the magnitude of the voltage ripple, and a',a’, b b! are the
coefficients of the Fourier series of the PV array voltage and current ripples. The values of Pgp and V3 may
be obtained from a circuit configuration like that seen in Figure (8)."* The inputs to the circuit are the measured

array current and voltage. The high-pass filters remove the DC component of Vpy. The two multipliers generate
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Figure 8. Circuitry used to implement the parasitic capacitance method'*

the AC V(Z) and AC P,p, which are then filtered by the low-pass filters, leaving behind the DC components of Vé and
Pyp. From Equation (10), the ratio of these two values is equal to the array conductance, which can then be used in
conjunction with Equations (7) until the array differential conductance and the array conductance are equal.

Model-based MPPT algorithms

If the values of the parameters in Equation (3) are known for a given solar cell, the solar cell current and voltage
could be calculated from measurements of the light incident on and temperature of the solar cell. The maximum
power voltage could then be calculated directly, and the PV array operating voltage could be simply set equal to
Vmpp- Such an algorithm is commonly called a model-based MPPT algorithm. Although appealing, model-
based MPPT is usually not practical because the values of the cell parameters are not known with certainty,
and in fact can vary significantly between cells from the same production run. In addition, the cost of an accu-
rate light sensor (pyranometer) can by itself make this MPPT scheme unfeasible.

EXPERIMENTAL PROCEDURE

Description of the MPPT testbed hardware

To facilitate the comparison of MPPT algorithms, a 250-W, microcontroller-based MPPT was designed and
built. The use of a Motorola HC11 microcontroller allowed many MPPT algorithms to be compared using
the same hardware, and also facilitated optimization of all algorithms. Figure 9 shows a schematic diagram
of the MPPT. The measured load and array voltages and currents are fed into the voltage-conditioning block,
which scales and offsets the voltages to the desired levels for the analog-to-digital converter. The MPPT algo-
rithm under test is programmed into the microcontroller. Using the MPPT algorithm and the inputs just
described, the microcontroller calculates the correct control signal for the main power circuit. This is output
in digital form to the control circuitry block. The control circuitry block converts the digital number into an
analog control signal, which in turn drives the main power circuit. This power circuit is a DC-DC buck
(step-down) converter, selected because the PV array voltage being used is higher than the desired output vol-
tage for the load and battery bank. The load on the power stage consists of a 250-W variable power resistor and
four 12-V deep-cycle gel cell lead—acid batteries connected in series to achieve a 48-V load bus voltage.

PV array and PV array simulator

Two different power sources were used to test MPPT algorithms. One of these was a 250-W PV array consisting
of five series-connected ASE Americas 50-W PV modules. The array’s electrical characteristics were:
Voc=100-0V, Isc =3-2 A, Iypp =2-8 A, Vpp = 86-0 V. These are the manufacturer’s rated values under stan-
dard operating conditions (irradiance G = 1000 W/mz, AM1 -5 solar spectrum, and cell temperature 7= 25°C).
For this work, natural sunlight was used as the irradiance source.

Copyright © 2002 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2003; 11:47-62
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Figure 9. Component level diagram of the MPPT system

To facilitate more controlled tests, experiments were also conducted using an Agilent Technologies solar
array simulator (SAS). The simulator’s maximum open-circuit voltage and short-circuit current are Voc, max =
120-0V, Isc, max =40 A, Poyt, max =480 W. The simulator allows simulation of a variety of PV I-V curves,
within these output constraints. For this work, the simulator was programmed to simulate the -V curve of
the actual array described above, with the irradiance profile programmed to mimic a partly cloudy day, the worst
case for accurate tracking of the MPP. This irradiance profile is shown as a plot of the simulator’s programmed
MPP power as a function of time in Figure 10.

Measurement and calculation techniques

The objective of this work is to compare the MPPT efficiencies of the previously described algorithms using
Equation (1). Thus, P,.x and P,..q values are needed. For the solar array simulator, this presents no problem:;
Phax 18 @ preprogrammed known value, and P, can be read off of the simulator.

300

0 70 140 210 280 350 420 490 560
time (second)

Figure 10. Power curve used to drive the solar array simulator
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For the PV array, the situation is more difficult. The PV array P, Was measured directly by a DC power
transducer, but finding the value of P,,,, was problematic. In this study, P,,x Was calculated using Equation (3)
multiplied by voltage. This equation can be differentiated with respect to voltage and set equal to zero, giving
P...x- However, accurate values of Iog, A, Kj, and R are required. In our array, the series resistance R was very
small and was neglected. Ior and A were measured experimentally, using the technique of measuring the array’s
I-V curve in the dark and plotting it on a semilogarithmic plot. On such a plot, the I-V curve of a PV array
typically has two relatively linear regions,'” arising from the two diodes in the double-exponential model for
the solar cell. For PV systems work, it is generally acceptable to use only the region of the curve resulting from
the higher voltage A ~ 1 section of the dark I-V curve.'® A linear fit is made to this region, and the I-axis inter-
cept of this line gives the value of Ior and the value of A can be found from the slope of the line. Two sets of
measured data were used, and the results were similar.

The results of the measurements were cross-checked using a three-parameter data fit. Using MATLAB, soft-
ware was written that examined the measured data and searched for values of Iog, A, and K;. The allowable
ranges of the parameter values were restricted to those that are physically reasonable, and a further constraint
was imposed that the MPPT efficiency could never exceed 100%. The MATLAB code swept the three afore-
mentioned parameters over the expected ranges, calculated P, and the MPPT efficiencies for each set of para-
meter values and measured data, and found those values that kept the MPPT efficiency below 100%, but as close
as possible to the SAS results. There was good correspondence between the measured values and those found
using the search.

Based on the measurements and the three-parameter fitting procedure described above, the following values
were obtained for the PV array parameters:

I = 2:25pA
Ky =0-6mA/°C
A=15

The plane-of-array irradiance was measured by a Li-Cor silicon photodetector, and the array temperature was
measured by a thermocouple attached to the back of the array. All measurements were recorded by a datalogger
and used to calculate the quantities P, and P,x. The efficiency of the MPPT algorithm under test was then
calculated using Equation (1).

To determine the overall efficiencies of the different algorithms, several trials were run using the PV array and
PV simulator. To obtain the overall efficiency of the MPPT algorithm under test using the SAS, five trials were
run for each algorithm using the power curve shown in Figure 10. For each trial, the efficiency of the algorithm
was calculated using Equation (1). The results were then averaged to obtain the algorithm’s overall efficiency.
To determine the MPPT efficiencies using the PV array, tests were run on different days with varying illumina-
tion intensities and ambient temperatures. To avoid skewing the results, each test consisted of rotating the algo-
rithms at 20-min intervals, operating the system with one algorithm for 20 min, then changing to another
algorithm for 20 min, and so on, rotating through all algorithms several times. This was considered the next-
best approach to conducting all tests simultaneously, which was not practically possible. The test results
for each algorithm were averaged over all testing periods to determine the overall efficiency of the MPPT
algorithm.

Several steps were taken to ensure the best performance from the MPPT hardware. For example, all of the
MPPT algorithms sampled the array voltage and current at the same instance in the switching period to ensure
consistent values of voltage and current. Also, to decrease the amount of noise in the system, each algorithm
worked with averages of two sampled voltage and current values.

The sampling rate used in the system also required optimization. To achieve the best performance, the sam-
pling rate was set as fast as possible without causing instability. The instability can arise because of the rela-
tively long time constant (slow dynamics) of the power stage. Depending on the value of the load, the time
constant of the power stage varied from 10 to ~ 50 ms. If the MPPT algorithm were to sample the array voltage
and current too quickly, it would in fact be measuring the transient behavior of the power stage, not the desired
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steady-state PV array behavior, and the PV array operating point would become unstable as a result. To ensure
that the power stage reached the periodic steady state before the next set of voltage and current measurements
was taken, a delay was implemented into each algorithm that allowed controllability of the sampling rate. The
length of this delay was optimized experimentally by varying it until the MPPT efficiency reached its maximum
value under constant PV input.

Finally, it was necessary to optimize the individual parameters of each individual algorithm, so that each
achieved its maximum MPPT efficiency. As stated previously, earlier studies, particularly those comparing
other algorithms to the P&O method, tend to use a P&O algorithm in which such parameters as increment step
size and sampling rate are not discussed, and are possibly not optimized to reflect the true capability of P&O.
Thus, in this study each algorithm’s parameters were carefully optimized for maximum performance with the
hardware described.

Optimal values for the perturbation increment for the P&O and incremental conductance algorithms were
found experimentally by observing the overall MPPT efficiencies at different values of these magnitudes for
each algorithm, under constant sunlight and also using the simulator. It was found that P&O worked best with
a 0-586% step change in the operating point, whereas incremental conductance worked best with a 0-39%
change in the operating point. These corresponded to 3-bit and 2-bit changes in the duty cycle respectively.
The constant voltage algorithm was optimized by experimentally determining the optimal value of K used in
the calculation of Vgc. For our PV array under clear sky conditions, we found the optimum K to be 79%.

Unfortunately, testing of the parasitic capacitance MPPT algorithm was not conducted, owing to a difficulty
in implementation. As previously stated, the parasitic capacitance algorithm makes use of the fact that the indi-
vidual solar cells have a p—n junction charge storage that can be modeled as a capacitance. The capacitance of
the array used in this study was found experimentally by measuring the RC time-constant of the array using a
known value of R. An insulated gate bipolar transistor (IGBT) was used to periodically connect the array to a
known resistance. When the IGBT was closed, the time it took for the array to reach zero volts was measured.
The relationship of 7=1/RC was then used to determine the array’s capacitance, which was found to be
approximately 66 pF.

However, MPPTs based on buck converters will utilize a large capacitor connected in shunt across the inputs
of the MPPT (the output terminals of the PV array). This capacitor is labeled C1 in Figure 9. Note that in the
buck converter circuit in Figure 9, the semiconductor switching device (an IGBT, in this case) is in series with
the output of the PV array. Thus, when the switch is ‘off’, acting as an open circuit, the PV array current is
interrupted. As the switch is turned on and off, then, the current output of the PV array would have a rectangular
pulse waveform if C1 were not present. During the off times of the switch, the PV array would produce no
power, and the efficiency of the system would be reduced. To prevent this so-called switching ripple in the
MPPT input current from reaching the PV array, the large input capacitor Cl1 is used to absorb this ripple, leav-
ing (approximately) a pure DC current from the PV array. Unfortunately, the value of this input capacitance is
several orders of magnitude larger than the inherent capacitance of the PV array. Thus, the influence of the PV
array’s capacitance on the power flow of the system was unmeasurable when compared with that of the input
capacitor of the MPPT. In order to use the parasitic capacitance method, a different power stage topology (per-
haps a boost-based circuit) would be required.

To facilitate comparison between the results of this and other studies,® we have separated our results according to
the cloudiness conditions under which they were measured. A test run was classified as a ‘clear sky’ run if fewer
than six 100-W power transients and an average irradiance of over 600 W/m? were observed. If there were fewer
than six 100-W power transients and the average irradiance was less than 600 W/mz, the run was classified as
‘cloudy’. If there were more than six 100-W transients in power, the conditions were classified as ‘partly cloudy’.

RESULTS
A typical example of the data collected in this study is shown in Figure 11, in which the theoretical power Pry
and the actual power P, are both plotted. This test run was conducted on a clear day, the power source was the

PV array, and the MPPT was under the control of the P&O algorithm. As might be expected under these

Copyright © 2002 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2003; 11:47-62



MAXIMUM POWER POINT TRACKING ALGORITHMS 59

1 51 101 151 201 251 301 351 401 451
Time(Seconds)

Figure 11. Typical example of the data collected in this study

conditions, the actual power Pacr tracks the theoretical power Pty very closely, with a maximum deviation of
about 1 W. The small downward spike in the test run shown in Figure 11 was caused by human interference with
the array (accidental shadowing by a passerby).

A summary of the MPPT efficiencies (nvppr) Of the different algorithms is shown in Table II. The three algo-
rithms for which results are given are perturb and observe (P&O), constant voltage (CV), and incremental con-
ductance (INC). All efficiencies are based on at least six days’ worth of data, as shown in Table II. The highest
efficiencies are generally obtained with the incremental conductance algorithm. Also, the efficiencies obtained
using the PV simulator are a few tenths of a percent higher than those obtained using the PV array, but are very
close in all cases.

The level of error in the SAS results is expected to be less than 1%, and arises from the measurement error in
the SAS output voltage and current and the SAS theoretical power. The level of error in the results from the PV
array will be somewhat higher, due to the higher number of different measurements, but is believed to be < 4%.
Also, there will be some error in the absolute value of the MPPT efficiencies found using the PV array due to
error in I, K, and A. However, as the values used for these parameters are entirely reasonable in terms of past
experience and manufacturer’s expectations, this error should be small and confidence in these values is
warranted. Also, it should be borne in mind that the objective of this work was to obtain the relative comparison
between the methods, and this relative comparison should be unaffected by any error in /,;, K;, and A.

The erratic behavior of the P&O algorithm under rapidly changing irradiance conditions predicted by earlier
studies® was observed in this study as well. An example of this behavior is shown in Figure 12. This figure

Table II. Overall MPP tracking efficiencies (nyppr)

Sky conditions P&O Inc Cv

PV array Days of data TIMPPT Days of data TIMPPT Days of data TIMPPT
Clear 20 987 17 98-7 20 90-4
Partly cloudy 14 96-5 11 97-0 10 90-1
Cloudy 9 98-1 11 96-7 6 93-1
Overall 43 97-8 39 97-4 36 91-2
Simulator

Overall 99-3 99-4 931
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Figure 12. Data demonstrating the erratic behavior of the P&O algorithm under rapidly changing irradiance

shows the irradiance G and the error between the theoretical maximum power and the actual power
(Pt — Pacr) as functions of time, during a P&O-controlled run. There is a significant transient in the irradiance
about 57 s into the run. At that point, there is a large upward spike in the power error as the P&O algorithm
initially tracks in the wrong direction (see Figure 4). A few seconds later there is a second transient, and a simi-
lar (but smaller) surge in the power error.

DISCUSSION

We believed at the outset of this study that we would find that the perturb-and-observe and incremental con-
ductance algorithms should have very similar overall efficiencies, but that incremental conductance should be
slightly better. However, the results of this study indicate that, to within the accuracy available, the MPPT effi-
ciencies of the incremental conductance and perturb-and-observe MPPT algorithms are essentially the same.
When optimized for the particular MPPT hardware in use, P&O and INC had the same performance under clear
sky conditions, indicating that the penalty in efficiency caused by the oscillation about the MPP inherent in
P&O under steady-state conditions was insignificant for the optimized algorithms. Incremental conductance
outperformed P&O under partly cloudy conditions, as expected, but the difference was very small. Also, inter-
estingly, P&O had a significantly higher efficiency than incremental conductance under cloudy skies. The rea-
son for this can be understood through the array P-V curves in Figure 3 and one of the relations used by the
incremental conductance algorithm, given in Equation (7a). Because of such factors as measurement error and
noise, if the microcontroller required the two sides of Equation (7a) to be exactly equal, then that equation
would never be satisfied. Thus, in practice Equation (7a) is considered satisfied if its two sides are within a small
range of each other. However, as seen in Figure 3, when the array voltage is changed the resulting change in
power is very small. Thus, at low irradiances, in the range of voltages near Vypp, Equation (7a) is usually
approximately satisfied, and the incremental conductance algorithm gets ‘stuck’ at an operating voltage that
is not quite the same as Vypp.

It is also interesting to note that the efficiencies of both the P&O and incremental conductance algorithms can
be quite high, well in excess of 97% when properly optimized. The results suggest that the simplicity of the
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P&O algorithm may outweigh any advantage offered by incremental conductance in most applications, parti-
cularly low-cost applications such as module-integrated power electronics. The P&O method can be implemen-
ted with fairly simple analog circuitry or a very-low-cost microcontroller. Incremental conductance, on the
other hand, requires differentiation, division circuitry and a relatively complex decision making process, and
therefore requires a more complex microcontroller with more memory. The choice of which of these two MPP
tracking algorithms to use in a PV system can be made by weighing the increased cost of the MPPT to the
overall increase of energy produced. This would suggest that an increase in MPPT cost might be justified in
a larger PV system, where a small percentage increase in efficiency would lead to a significant increase in
energy output. This is the subject of ongoing work.

It should also be mentioned that MPPT algorithms based on digital signal processing (DSP) or fuzzy logic
have recently received widespread attention. Preliminary results indicate that MPPT efficiencies for these algo-
rithms can be very high.'”"'® These were not included in this study, owing to their cost of implementation. How-
ever, in the future, as their implementation costs decrease, these methods could become feasible. It is possible
that such algorithms might be attractive even now in very large, high-power PV systems, because in those cases
a few tenths of a percent improvement in MPPT efficiency could translate into a large improvement in energy
output that might offset the higher cost of the MPPT. (The relevance of this advantage is debatable, as many
believe PV systems of such size are not a likely mode of PV deployment.) Further investigation of the MPPT
efficiencies of these algorithms is warranted.

CONCLUSIONS

This study presents an experimental comparison of the maximum power point tracking efficiencies of several
MPPT control algorithms that are discussed in the literature. The scope of the study was limited to those algo-
rithms thought to be applicable to low-cost implementations with currently available hardware. The results sug-
gest that, on the basis of maximum power point tracking efficiency, the perturb-and-observe method, already by
far the most commonly used algorithm in commercial converters, has the potential to be very competitive with
other methods if it is properly optimized for the given hardware. Incremental conductance performed as well as
P&O, but in general its higher implementation cost would not be justified by any improvement in performance.
The parasitic capacitance method could not be implemented in our experimental set-up, and some doubt exists
as to whether it could be implemented in most commercial PV power converters because of the use of large
input capacitors. Finally, as expected, the MPPT efficiency increases gained by using the perturb-and-observe
and incremental conductance algorithms make them favorable over the simpler constant voltage method.
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