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Abstract—An implementation of the Incremental Conductance
(INC) Maximum Power Point Tracking (MPPT) algorithm for
photovoltaic systems is presented in this paper. The MPPT
algorithm was implemented on a boost converter, which was
meant to operate as an input stage of a single-phase
transformerless grid connected photovoltaic (PV) converter. The
implementation of the algorithm has been divided into two steps.
The first step was to simulate the tracker's operation under fast
changing solar irradiance conditions, by using the appropriate
simplified models of the dc/dc converter and the PV string. The
second step was to implement the obtained optimized control
parameters on a hardware setup consisting of a 1 kW boost
converter prototype and a fast prototyping DSP platform board.
During the testing phase, several problems were encountered and
successfully solved. The performance of the algorithm was
evaluated by simulations, and the simulation results were
successfully verified on the hardware prototype.

Keywords: incremental conductance, maximum power point
tracking, photovoltaic systems, power generation control

L INTRODUCTION

The generation of the electric energy from sunlight by PV
panels is a very attractive way of producing energy from a
practically unlimited energy source. Apart from the fact that
the fuel is free and available everywhere in the world, the
generation of the electricity by PV panels has some additional
merits: it is nonpolluting, noiseless and requires very little
maintenance. However, despite the aforementioned advantages,
the efficiency of solar power systems is low (the efficiency of
PV panels is up to 20% [1]) and depends on many factors such
as temperature, solar irradiance, dirt, shadows, and so on [2].
The current-voltage characteristic of a solar panel is nonlinear,
and the generated power has its maximum at a certain
operating point, called the Maximum Power Point (MPP), as
shown in Fig. 1. In Fig. 1, Isc is the panel short-circuit current,
and the Ugc is the panel open-circuit voltage.

Therefore, in order to generate as much energy as possible
at given operating conditions, the PV panel should operate at
its MPP, i.e. the energy should be generated with the highest
power available. Since the MPP changes with the solar
irradiation and the ambient temperature, an algorithm which
performs a Maximum Power Point Tracking is necessary.
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Ideally, by employing a MPPT algorithm, the PV panel output
power is maximized regardless of the solar irradiance, the
ambient temperature, and varying atmospheric conditions. As a
consequence, the efficiency of the power generation is
increased, as well as the amount of the generated energy.
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Figure 1. A current-voltage characteristic of a PV panel, an output power
characteristic and the maximum power point.

There are more than fifteen methods for tracking the
maximum power point [3], but the following three are most
widely used [4]:

e Constant Voltage (CV)
e  Perturb and Observe (P&O)
e Incremental Conductance (INC)

The CV method relies simply on the fact that the
ratio U, /U, is nearly constant, ie. U,,,/U,. ~k [5].

Although the CV algorithm is very simple, it is difficult to
choose the optimal value for the constant k. According to [5]
optimal value of £ is in the range from 73% to 80%. Another
problem with this method is that £ actually depends on
temperature and irradiance, and can vary by as much as 8%
over the entire range of operating conditions.

The P&O method is widely used MPPT method due to its
simplicity. In the P&O algorithm, the PV panel voltage is



periodically perturbed (increased or decreased), and the panel
output power is being monitored after each perturbation. If the
output power increases after a perturbation, the next
perturbation should be made in the same direction as the
previous one. If the power decreases, the perturbation should
be made in the opposite direction. The algorithm will continue
to perturb the PV panel voltage even after the MPP has been
reached. Thus, after the MPP has been reached, the PV panel
voltage will oscillate around the maximum power point. These
oscillations will result in an unwanted loss of PV power, and
reduced system efficiency. The oscillations could be minimized
by reducing the perturbation step size. However, reduction of
the step size would slow down the MPPT. Another limitation
of the P&O algorithm appears during low insolation levels,
when panel power curve tends to flatten out. This makes it
difficult for the algorithm to discern the location of the MPP,
since the changes of the output power are small with respect to
the voltage change. Also, in the case of rapidly changing
atmospheric conditions (e.g. fast moving clouds), the P&O
algorithm will deviate from the MPP until the changes slow
down. This is because the P&O algorithm assumes that the PV
power changes are a result of the panel voltage perturbations
only [2]-[5]. This behavior is illustrated in Fig. 2.
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Figure 2. The divergence of the operating point from the MPP, for the P&O
algorithm under rapidly changing atmospheric conditions.

As shown in Fig. 2, for a positive perturbation of the panel
voltage (from Uy to Us+AU), the operating point will move
from A to B on the curve p; if the atmospheric conditions stay
approximately constant during one sampling period. As a
result, the panel output power will decrease. Therefore, the
next perturbation will be made in the opposite direction, and
the operating point will be moved towards the MPP. However,
if the irradiance increases during one sampling period (i.e. the
power curve shifts from p; to p,), the operating point will move
from A to C, for the same perturbation of the panel voltage
from U, to Uy+AU. As a result of this perturbation, the output
power will increase. Now, since the output power has
increased, the next perturbation will be made in the same
direction (the panel voltage will be increased again), and the
operating point will move further away from the MPP. The
operating point will continue to diverge from the MPP if the
irradiance continues to increase. In order to prevent panel
voltage oscillations due to the rapid irradiance changes, the
three-point weight P&O algorithm was introduced in [6]. This
algorithm performs the tracking based on the measurements in

the three operating points: the current point (e.g. point X), the
point Y (which is point X plus one positive perturbation), and
the point Z (which is point Y plus two negative perturbations).
This algorithm essentially prevents PV panel voltage changes
in the case when solar irradiance changes rapidly, thus
preventing the unwanted panel voltage oscillations.

In order to overcome the drawbacks of the classical P&O
MPPT algorithm, the Incremental Conductance algorithm is
introduced. Unlike the P&O algorithm, the INC algorithm
always compares the PV panel voltage with the MPP voltage
and it does not oscillate around the MPP. Therefore, it is more
efficient than the classical P&O algorithm [5], [7].

II.  DESCRIPTION OF THE IMPLEMENTED ALGORITHM

The incremental conductance method is based on a fact that
the slope of the output power curve of the solar panel is equal
to zero at the point of the maximal power, as shown in Fig. 1
[7]. The slope is positive to the left of the MPP, and negative to
the right of the MPP. Thus, the following equations are valid:

By
dUPV
dPPV

dUPV
dr,

du,,

at the MPP

>0 , to the left of the MPP (1)

<0 , to the right of the MPP

Since the panel output power is a product of the PV output
voltage, Upy, and the PV output current, Ipy, the following
holds:
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The equations (1) now become
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As stated in [8] (where the INC method is introduced for
the first time), at the MPP, the slope of the tangent to the
current-voltage curve is equal to that of the line passing
through the points (Ugc, 0) and (0, Isc) (shown in Fig. 1). Since
the first equation in (3) is independent of the shape of the
current-voltage curve, it holds valid irrespective to the current-
voltage curve changes. As in the case of P&O algorithm, the
basic INC algorithm also requires measurements of PV voltage
and current in order to perform the MPP tracking.

The basic fixed step INC MPPT algorithm is based on
equations (3), and the flowchart for the algorithm was shown in
Fig. 3. In Fig. 3, Uy and I; are k-th sample of the panel voltage,
Upy, and the panel current, Ipy, respectively. U, is a PV setpoint
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voltage, and AU, is a setpoint step change (which is fixed). The
setpoint step change determines the speed of the algorithm, i.e.
how fast the algorithm would track the MPP. By choosing the
larger voltage setpoint step change, the algorithm would track
the MPP faster, but at the same time the unwanted oscillations
around the MPP can occur [3].

Input data:U,, I,

AU=U-U,,
AIk:Ik'IM
S=AI/AU /U,

Figure 3. The flowchart for the basic INC MPPT algorithm.

The algorithm starts by sampling the panel voltage and the
current. It then calculates the incremental changes of the panel
voltage and the current by subtracting the values sampled at the
previous MPPT cycle from the new ones. At the same time, the
algorithm calculates the sum of the incremental conductance,
Al/AUy, and the instantaneous conductance, I,/Uy . The sign of
the calculated sum S is then checked, and a new setpoint is
determined in order to move the panel voltage towards the
MPP. At the MPP, the sum S is equal to zero, and no further
action is needed. If the MPP was reached in the previous cycle,
the algorithm checks the sign of the panel current change in
order to determine further actions. If the panel current has
changed due to a change in the atmospheric conditions, the
algorithm will adjust the setpoint so that the panel voltage will
be moved towards the MPP.

In the described algorithm, the voltage and the current
changes, as well as the sum S, are compared to zero. In
practical application, those conditions will hardly be fulfilled
due to made approximation dX~AX and due to measurement
and quantization errors during the sampling process. In order to
take this into account, the basic algorithm needs to be changed
to allow some marginal error. The value of the allowed error
depends on the required sensitivity of the algorithm [7].

The flowchart for the enhanced algorithm was shown in
Fig. 4. The introduced error margins gy, €, and gnc, shown in
Fig. 4, were set to the following values: g,=0.3, &=0.01, and
enc=0.001. Also, the voltage setpoint step change was set to
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AU=5V. All these values were determined during the testing

of the algorithm.
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Figure 4. The flowchart for the enhanced INC MPPT algorithm.

Based on the enhanced INC algorithm, the appropriate
Simulink model of the algorithm was created and the algorithm
was later implemented on the hardware prototype.

III. DESCRIPTION OF THE LABORATORY SETUP

The laboratory setup on which the tracker operation is
evaluated consists of a simplified model of the PV string and a
1 kW boost converter prototype, as shown in Fig. 5.
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Figure 5. The schematic of the laboratory setup.
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The boost converter is meant to be a part of a grid-
connected photovoltaic system, in which its input is connected
to a PV string, and its output is connected to a single-phase
inverter through a dc-link capacitor circuit. The boost converter
is meant to operate with the input voltage in the range from 150
V to 350 V, and the constant output voltage of 400 V. The
converter output voltage is maintained constant by the inverter.
However, during the testing of the MPP tracker, a simple
resistive load (light bulbs) was connected to the boost converter
output, instead of an inverter (the inverter prototype has not yet
been developed at the time of the MPPT testing). As shown in
Fig. 5, the four 200 W light bulbs are used as a load. An
additional electrolytic capacitor is connected parallel to the
bulbs, acting as the dc-link capacitor and preventing fast



oscillations of the output voltage, which could negatively
influence the tracker performance.

In order to test the implemented MPPT algorithm under
rapid solar irradiance change conditions, a simplified model of
the PV string (consisting of the series connection of the
variable dc voltage source (Uy) and the resistor of fixed
resistance of 50 Q) was built, instead of using an actual PV
string. The current-voltage characteristic of such a source is
linear, and the power-voltage characteristic is parabola, with
the maximum power occurring when U, voltage is half the Uy,
voltage, as shown in Fig. 6. The U, and Uy, are measured at
points shown in Fig. 5. Thus, the change in the irradiance is
modeled by changing the Uy, voltage, as shown in Fig. 6,
where a power curve p; corresponds to a case of lower
irradiance and a curve p, to a case of higher irradiance. It can
be noticed that the power curves shown if Fig. 6 are similar to
the curves shown in Fig. 2.

According to the basic circuit theory, the maximum power
at the terminals of a series connection of the voltage source and
the resistor, will occur when the voltage at the terminals is half
the voltage of the voltage source (i.e. half the open-circuit
voltage of the series connection). Therefore, in order to
evaluate the MPPT algorithm operation, the dc source voltage,
Uge, (see Fig. 5 and Fig. 6) will be changed, and the U, voltage
will be monitored. If, after the Uy, change, U, voltage settles at
Ugy/2, then the MPP tracker operates correctly, i.e. tracks the
maximum power point, as shown in Fig. 6.
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Figure 6. Output power vs. output voltage of a simplified model of the PV
string.

IV. SIMULATION OF THE IMPLEMENTED ALGORITHM

In order to be able to experimentally verify the simulation
results, the Simulink model of the power stage (made of blocks
from MATLAB's "SimPowerSystems" library) corresponding
to the laboratory setup was created.

The operation of the implemented algorithm is simulated
and the simulation results were shown in Fig. 7. As can be seen
in the Fig. 7, the implemented tracker tracks the MPP
successfully. The tracker is set to operate (to change the
setpoint voltage U,) with the period of 0.2048 s.
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Figure 7. The implemented INC MPPT algorithm simulation results.

The PV string current and voltage were sampled every 200
ps, and the average value of the 1024 samples is taken as the
input to the tracker in every tracker cycle (values denoted as Uy
and I in the flowcharts).

During the simulation process, the major problem was to
properly tune the error margin coefficients gy, €, and gnc.

These coefficients needed to be tuned in such a way that they
enable proper operation of the tracker. In general, values for
the gy and € depend on the measurement noise and the adopted
averaging interval (number of samples to be averaged). If these
coefficients are too small, then, in the case of noisy current
and voltage signals and/or short averaging intervals, the PV
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voltage and/or current change can be falsely detected. That
could lead to the erratic operation of the tracker. If the margins
were set too large, then real changes of the string current and/or
voltage would not be detected. The gnc coefficient also needs
to be properly tuned. If this coefficient is set tool small, then, in
low irradiation conditions, tracker may deviate from the MPP.
Namely, in low irradiance conditions, in the range of voltages
near Uypp, the resulting change in power when the string
voltage is changed is very small (because power characteristic
is "flattened" in low irradiance conditions). Therefore, after a
voltage change, the sum S can become lower than the g, and
the incremental conductance algorithm can get "stuck" at an
operating voltage that is not quite the same as Uypp. If, on the
other hand, the g is too large, the tracker will to diverge from
the MPP. After numerous simulations, the error margin
coefficients values were determined and set to previously
remarked values.

The determination of the voltage setpoint step change, AU,
was another important task during the simulation process. If a
small step change was chosen, the response of the tracker
would be slow. If the step change is large, the tracker would
become inaccurate. The 5 V step was chosen as a result of a
compromise between the speed and the accuracy of the tracker.

V. EXPERIMENTAL EVALUATION OF THE IMPLEMENTED
ALGORITHM

In order to implement the simulated algorithm on the
hardware setup, the developed simulink model of the MPP
algorithm had to be translated to the appropriate model by
using blocks from the fixed-point library "C28x IQmath". The
model was then converted to a Code Composer Studio project,
from which the hex code was generated and ran on the
TMS320F28027 development kit board.

One of the major problems during the experimental
evaluation was the oscillating input current. The input current
was oscillating at about 400 Hz due to the specific nature of the
test setup (use of a three-phase rectifier as a source of the Uy,
voltage). Since this current was used by the algorithm to
compute the output power of a PV string, those unwanted
oscillations needed to be mitigated. This was done by
introducing a 4700uF capacitor in parallel to the input of the
converter, as shown in Fig. 5. It should be noted that the
conditions under which the controller was tested were less
favorable than those in real-life application, because in real-life
application the inverter (which is connected to the output of the
boost converter) would keep the dc-link voltage at nearly a
constant value of 400V. However, in the test setup, the boost
converter output voltage was varying, and it was determined by
the power balance between the input and the output of the
converter. Also in real-life application the converter's input
would be connected to the PV string, and the string current
would not oscillate.

The operation of the implemented algorithm was
experimentally verified by manually adjusting the dc source
voltage, Ug,, and monitoring the changes of the U, voltage.
The experimental results were shown in Fig. 8 and Fig. 9. In
both figures, a cyan trace represents the dc source voltage, Uy,
while the orange trace represents the U, voltage.
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In Fig. 8, the Uy, voltage was reduced from about 300 V to
about 280 V. This voltage change corresponds to a rapid
decrease of a solar irradiance. The tracker managed to track the
MPP, and the U, voltage was changed from 150 V to 140 V,
after a few cycles. In Fig. 9, the U, voltage was increased from
about 285 V to about 310 V. This voltage change corresponds
to a rapid increase of a solar irradiance. The tracker managed to
track this change, and the Uy, voltage was changed from 140 V
to 160 V, after a few cycles. However, in this case the tracker
set the voltage setpoint 5 V above the theoretically correct
MPP voltage value of 155 V. This error might be due to a
relatively large setpoint step change and/or due to the
averaging process of the noisy PV string current and voltage
signals, and it is commonly observed in the fixed-step
algorithms [9], [10]. The setpoint step change of 5 V, as well as
the tracker cycle duration of 0.2048 s, are noticeable in both
Figures.
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Figure 8. The MPP tracker operation after the reduction of the Uy voltage
from about 300 V to about 280 V.
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Figure 9. The MPP tracker operation after an increase of the Uy, voltage
from about 285 V to about 310 V.



VI. CONCLUSION

This paper presents the results of the implementation of the
basic fixed step size Incremental Conductance MPPT
algorithm on a 1 kW boost converter prototype. The tracker
was tested under rapid solar irradiance change conditions by
using a simplified model of the PV string (consisting of the
series connection of the variable dc voltage source (Udc) and
the resistor of fixed resistance of 50 Q) which enabled the
emulation of the rapid changes of the solar irradiance. The
error margin coefficients and the voltage setpoint step change
in the algorithm were determined during the simulation
process, and translated to the hardware prototype. Both the
simulation and the experimental results showed a satisfactory
tradeoff between the accuracy and the speed of the algorithm.
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