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Abstract: Single-stage grid connected inverters are considered as an economic, compact and simple
topology compared with multi-stage inverters. In photovoltaic (PV) grid connected systems, the major
requirement is to achieve maximum output power from the source. Maximum Power Point Tracking
(MPPT) techniques require measurements on the DC side of the inverter connected to the PV in order
to determine the current operating point on the power characteristics. Typically this is achieved by
perturbing the reference output power and observe the change in the PV voltage, current or both.
Based on the observation, it could be determined whether the current operating point is beyond
or below maximum power. This paper presents an MPPT technique for a single-stage PV grid
connected inverter where the MPPT algorithm determines the current operating point at different
operating conditions based upon observing the inverter controller action. Such approach eliminates
the requirement of sensing elements to be added to the converter which aids the advantages of
the single-stage converter. Design of the utilized PV system is derived based on filter parameters,
PV panel selection and controller parameters. Using simulation and practical implementation,
the performance of the proposed MPPT technique is evaluated for the PV grid connected system.

Keywords: single-stage converter; MPPT technique; sensor-less; photovoltaic; grid connected

1. Introduction

Utilization of photovoltaic (PV) technology in grid-connected applications offers several
advantages, including notable reductions in maintenance and pollution. Extraction of maximum
power is considered the main priority in such systems, which is mainly dependent on sunlight
intensity. Maximum Power Point Tracking (MPPT) techniques are required to detect and extract
such operating points. In the literature, several topologies have been utilized for the integration of
PV technology in grid connected applications, which include single stage (DC/AC) or two stage
(DC/DC/AC) converters [1]. In practical implementation, reduction of power electronic switching
devices, number of conversion stages and sensing elements are considered target design criteria in
order to achieve a high efficiency, low cost and simplified system.

Among the possible selections of different topologies for grid connection of distributed energy
sources, one of the simplest and cost effective topologies is the single-stage approach. Moreover,
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such systems can be used in a micro-grid as a part of an energy management system [2-5]. In order
for MPPT algorithms to determine and keep tracking at each instant the maximum operating point,
measurements on the DC side of the inverter is required. Several approaches have been discussed
in order to eliminate such measurements, thus reducing system complexity and cost. In [6-8] a
sensor-less MPPT algorithm is proposed based on a two stage topology where the DC/DC converter
tracks maximum power and DC/AC converter synchronizes and feeds the available power to the
grid. However, such approaches require at least one measurement (voltage or current) on the DC side
converter and involve excessive power switching devices as shown in Figure 1a. Meanwhile, other
approaches discussed in [9-17] utilize a single-stage converter topology which benefits the reduction
in number of conversion stages and power switching devices. However, as shown in Figure 1b, DC bus
voltage and current are required by the MPPT algorithm in order to operate. Reduction of the number
of sensing elements in single-stage topology has been discussed in [18] and the approach shown in
Figure 1c was proposed based on only measurement of PV panel voltage for the MPPT algorithm to
operate. It can be observed that these MPPT algorithms require at least one sensing element on the DC
side of the converter which eventually requires filtering the measured values in order to obtain the
average DC component thus requiring more processing power from the controller.
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Figure 1. Typical configurations of PV grid connected system with (a) two stage converter, (b) single
stage converter with two sensors on DC bus and (c) single stage converter with one sensor on DC bus.

Power filters are an essential stage in grid connected applications where current injected to the
grid is required to comply with harmonic standards in electrical power systems. According to [19], LCL
(T topology with two inductors and one capacitor) filters serve better decoupling and achieves high
attenuation of high frequency harmonics caused by power electronics converter switching. However,
filter components could limit the maximum output power of the system. Moreover LCL filters may
cause both dynamic and steady state current distortions due to resonance. An L (inductor) filter may
be a simple choice in terms of dynamic response and design, however bulky inductors and high
switching frequencies are required to achieve harmonic standards.

With PV panels ranging in voltages from 23 to 45V, it is hard to achieve voltage amplification
in a single stage inverter without a line-frequency transformer. However, it is considered as an
impractical component due to its increased size, weight and price. Modern inverter systems use
high-frequency transformers requiring special design with integrated magnetic components and
multi-stage conversion [20]. Another solution is the use of string technology where several PVs are
connected in series so that the input voltage to the inverter circuit is high enough to avoid voltage
amplification using certain topologies or transformer, hence increasing the overall efficiency. However,
shading one of the PV modules would result in an overall reduction in the maximum power of
the system.



Energies 2016, 9, 248 3 o0f 23

In [21], a simple, fast, accurate, and easy-to-use modeling method was proposed for simulations of
PV systems. The objective of the method was to identify the parameters of the non-linear I-V equation
by adjusting the curve at the three points: open-circuit, maximum power and short circuit.

In this paper, in order to minimize the number of power electronics components used and simplify
the topology, a current controlled, single-stage, single phase grid connected H bridge inverter topology
is utilized [22,23]. Utilizing the concept described in [23], this paper presents design considerations for
selection of PV panels, limitations in regards to operating range, tuning methodology of algorithm
parameters and comparison to other operating scenario. A sensor-less MPPT algorithm is proposed
and implemented based on perturbing the inverter reference output power and observing the inverter
current controller action in order to maintain the required power without any sensors on the DC side.
The phenomena of such an approach has been discussed in literature in [24] which reveals that by
matching the dynamic resistance of a PV and static resistance MPP can be achieved. Utilization of
such phenomena have been implemented in several references in several forms. In [25] an adaptive
PV voltage control loop is proposed which makes use of estimation of the dynamic resistance. Model
reference adaptive control has been proposed in [26] which takes into account the ripple correlation
controller action in order to update the adaptive controller in order to minimize transient oscillations
in system output voltage. An algorithm for reactive power compensation in PV systems based on
observation of amplitude modulation index has been proposed in [27]. However, all these methods
mainly depend on having a complex control structure and sensing PV voltage and/or current.

2. Derivation of the Proposed Technique

2.1. Typical Single-Stage Configuration Response

The setup shown in Figure 2 consists of a typical single-stage PV grid connected inverter. P is
the reference output power, m, is the amplitude modulation ratio of the Sinusoidal Pulse Width
Modulation (SPWM) technique, SW1 and SW are the inverter switches command signal, V¢ and I, are
the grid voltage and current, respectively, V. and I;. are the PV panel voltage and current respectively,
V; is the inverter output voltage, C4., R1, L1 are the dc link capacitor, filter inductor resistance and
inductance, respectively.
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Figure 2. Configuration of single-stage, current controlled grid connected inverter.

Using Simulink under MATLAB the configuration in Figure 2 was simulated utilizing the PV
modelling method discussed in [21]. Regulation of the DC bus voltage i.e., PV panel voltage is achieved
in conjunction with output power (P,;) regulation as shown in Figure 3. It can be observed that by
increasing the reference output power (P,) in order to increase P, the inverter output voltage
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(V) must be increased. This is achieved using the current controller by increasing the amplitude
modulation ratio (m,). This yields an increased output current (Iy) and increased dc current (I;)
which consecutively causes a decrease in PV voltage (V;.) according to the PV panel Power-Voltage
characteristics shown in Figure 4. The PV panel would reach a particular operating point 1, 2 or 3
depending on P,,s while the inverter operating points are denoted by 1, 2" and 3’. During the first
operating point 1 and 1’, P, is greater than zero which leads to a decrease in V. from the open circuit
voltage of the PV and it can be observed that V; is always less than V. due to the fact that the inverter
operates in buck mode, thus m, increases to m,1. Assuming a sinusoidal grid current, voltage and
unity power factor, the relationship between V;, V4. and m;, is given by:
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Figure 3. Typical response of a single-stage system with incremental reference power.
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Figure 4. Inverter with filter characteristics at different operating points.
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A similar reaction is observed when P, is increased to the operating point 2 and 2". V. further
decreases with excess output power due the PV characteristics while V; increases to cope with line
losses and inductor voltage drop, thus, according to Equation (1), 1,1 would increase to #1,,. which is
also illustrated in Figure 3 in Region 3—4. As P, is increased to the maximum power point at operating
points 3 and 3’, the new amplitude modulation ratio m,3 indicates the minimum difference between
V4 and V;. Meanwhile if P, is further incremented beyond this point, this indicates that the required
Pyt is beyond the maximum power point, the voltage would collapse as illustrated in Figure 3 in
Region 6-9 and Figure 4.

In such a case, the current controller saturates, since to achieve the reference current magnitude,
a greater output voltage is required by the inverter which the PV panel is incapable of supplying at that
operating point which explains why m, increases beyond the linear region of the inverter as shown in
Figure 3. Thus, saturation of the current controller can be used as an indication to conclude that the P,
is greater than the available PV maximum power. Typically the saturation value is set to 1, however
in order to realize the current controller state at this particular operating point it is necessary to set
the saturation value above 1 in order to make a definite conclusion that P, is beyond the maximum
available power.

2.2. Effect of Change in Insolation

Among the factors that contribute effectively in affecting the available maximum power is the
solar insolation. Insolation adjusts the PV characteristics yielding higher or lower maximum power
point at different voltages as shown in Figure 5. To investigate the effect of changes in insolation on the
current controller action, the following scenarios have been considered as the most feasible scenarios
and illustrated in Figures 5 and 6:

1.  Step increase in insolation while operating at or below the previous maximum power point;
2. Step decrease in insolation while operating below the new maximum power point;

3.  Step decrease in insolation while operating above the new maximum power point.
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Figure 5. Effect of change in insolation on PV power and current characteristics at a particular
operating point.
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output power as shown in Figure 6a.

Figure 6. Per unit change in amplitude modulation ratio, PV voltage, current and power for (a) increase

in insolation below the maximum power point (Point B to A), (b) decrease in insolation at a fixed

reference power below the maximum power point (Point A to B) and (c) decrease in insolation at a

fixed reference power above the maximum power point (Point A to C).

Considering the first scenario, the insolation is increased from 600 to 1000 W/m? while operating
at 0.45 per unit of the maximum power. The effect can be noticed in Figure 5 where the new operating
point A voltage is greater than the previous characteristic curve operating point B. Since the available
voltage on the DC bus has increased, the current controller reduces m, in order to maintain the same

The second scenario has an exact opposite effect of the first scenario since the new operating point
B voltage is less than the previous characteristics curve operating point A. Since the available voltage
on the DC bus has decreased, the current controller increases 1, in order to increase the output voltage
and maintain the same output power as shown in Figure 6b.
The last scenario illustrated in Figure 5 as the movement from point A to C where previous output
power was greater than the new maximum power. This yields to a voltage collapse due to the current
controller increasing m, to try to maintain the reference output power which eventually saturates the
current controller as in Figure 6¢c. As mentioned earlier, the saturation value has to be set greater than
1 in order to make such a definite conclusion. In Figure 6c the saturation value was set at 1.5.
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From this analysis it can be concluded that the current controller action can indicate the PV
operating point. Thus it can be concluded that 11, can be taken as an indicator for the PV operating
region without any measurements on the DC side of the inverter. Depending on the current control
algorithm, the saturation limit can be estimated and m, can be used as a feedback variable for the
MPPT algorithm to determine the next consecutive action.

2.3. PV Selection Limits

In order for the grid connected inverter to achieve the PV panel maximum power point, a design
criterion has to be satisfied. Assuming a loss-less inverter, Py, and the inverter power (P;;) can
be considered equal. During normal operation, Py is equal to P;;, which can be calculated using
Equations (2) and (3). To select a suitable PV panel and in order to achieve maximum PV output
power, V; should be less than or equal to the PV voltage (Vjspp) at maximum output power (Pppp).
Figure 7 represents several PV panel’s Pypp at 1000 W/m? insolation. It can be observed that the
“Possible Selections” region satisfies the design criteria mentioned earlier. This is an essential design
criterion, since if the designed inverter and filter require a voltage greater than Vjpp in order to
achieve an inverter output power of Pypp, the system will never achieve true MPPT and the controller
would saturate at an operating point below the Pypp as illustrated in Figure 7 with the “Invalid
Selection” region. The maximum amplitude modulation ratio (11,4x) can be calculated using the
following equation:

Vi|PMPP
Vmpp

)

Mg max =

Invalid selection
1 > 2

Inverter  output
voltageand power
— characteristics

Possible selections

5 10 15 20 2§ 30 35 40
Voltage (V)

Figure 7. Example of inverter and several PV panels’ power-voltage characteristics.

Changes in insolation would affect Py;pp and Vjpp. In order for the inverter to be capable of
achieving maximum power at different operating conditions, Pyspp at these operating conditions
should be achievable at a voltage greater than the required V;. Considering one of the possible
selections in Figure 7, the maximum power characteristics under different insolation is represented in
Figure 8. It can be observed that at very low insolation, the inverter is unable to output Pypp since
Vmpp is below the operating voltage for that power. In such case the MPPT algorithm design is set
to either:

e  Continue operation at a power point below the maximum power as long as the inverter and PV
voltage criteria are satisfied.

e Set a cut-off power for the inverter such that the inverter will cease operation at very low
power values.
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Figure 8. Example of inverter and PV characteristics of a PV panel at different insolations (arrow
direction indicates decrease in insolation).

3. Proposed System
3.1. Configuration

The proposed setup is illustrated in Figure 9, perturbation to the inverter reference output power
is achieved by analyzing the feedback information from m,. The MPPT algorithm will be executed

periodically to compare the previous and current state of the controller in order to determine the next
consecutive action.

MPPT

l—‘ Algorithm

Algorithm Pret

Execution Rate Vg
Current

Controller

ma
| SPWM |
SW,,SW,
[ - 3 Ry,L4 lg

YY"

1 '“
Solar |V Cic v, (gvg
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Figure 9. Proposed setup for sensor-less grid connected inverter.

3.2. Algorithm

The MPPT algorithm shown in Figure 10 explains the method of decision making of
increment/decrement reference power of the inverter, based on the feedback m,. The algorithm
logic is based upon the following three processes:
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Figure 10. Flowchart of the proposed MPPT algorithm.

3.2.1. Tracking Process

The Tracking Process is executed by incrementing P on regular basis while m, is observed.
When m, increases beyond the permissible maximum (#,,4x), the next process is executed. In order for
an increment to be executed, it is necessary that m, is in steady state by checking if it is oscillating with
a tolerance band. This is necessary in order to avoid the algorithm incrementing several consecutive
times while the current controller is slowly catching up due to slow dynamics of the system or
controller, thus yielding a reference power point far beyond the actual. Once 1, is considered settled
in the steady state tolerance band, the current reference output power is considered the maximum
power and the algorithm increments the reference output power to repeat the observation. An increase
of m, to Mupuay would indicate that this reference output power is beyond the maximum power and
the inverter is tending towards instability as discussed in Section 2.1. Thus the algorithm leaves the
Tracking Process since it is known now that the previous reference output power is the maximum
output power.

3.2.2. Recharging Process

In this process the current controller is reset to a stable point by consecutively reducing the
reference output power. By observing m, the converter stability is detected at which point it executes
the next process. Due to the Tracking Process final state the DC Bus has started collapsing as explained
earlier in Section 2.1 and it is necessary to recharge the DC link capacitor. By reducing P,.f, the absorbed
power from the PV is reduced thus allowing the voltage to increase back to be within the inverter
operation limits as shown in Section 2.3. Since the last stored reference power is the maximum power,
the inverter is set to operate at this power and the algorithm shifts to the next process to observe
any changes.

3.2.3. Observation Process

This final process constantly tries to detect any changes to environmental conditions that can
affect the maximum output power. If maximum power is increased the algorithm goes back to the
Tracking Process, while if the maximum power is decreased then the inverter is reset and the program
is re-executed.



Energies 2016, 9, 248 10 of 23

As discussed in Section 2.2, an increase of m, indicates a decrease in insolation and vice versa. Thus
if m, decreases, the algorithm would re-execute the Tracking Process in order to continue tracking to
the new maximum power, whereas if m, increases in this process, it is obvious that the inverter will
tend to instability since the Pref is higher than the new maximum power. Thus m, will increase to 114,y
and in this case the sequence is reset by setting P, to zero, waiting for the inverter to stabilize and
starting up the Tracking Process again.

Considering the analysis in Section 2.3 at low insolations, the algorithm will operate at a power
point below the maximum. This is due to the fact that in this scenario the maximum power point is
achieved at a lower voltage than the inverter operating voltage for such power. Meanwhile, if the
maximum power is below P, increment value, the inverter operating point will be zero which means
the inverter has seized operation until any changes occur to m, which indicates an increase in insolation
i.e. an increase in available power.

3.3. Controller

The controller action is required to have a minimum overshoot. This is essential in order to avoid
m, increasing beyond 5y during the Tracking Process. The controller shown in Figure 11 illustrates
the implemented controller structure. The controller consists of an error integrator, which compares the
required grid current and actual grid current. The integrator eliminates the error caused by the variable
DC bus voltage due to the non-linear V-I characteristics and changes to operating conditions of the PV
panel. The integral gain (K;) is required in order to achieve zero steady-state error between reference
(Ig*) and actual grid current (). The controller action in this form ensures minimum overshoot and
zero-steady state error [28-31].

R —— T e L
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Figure 11. Current controller for sensor-less technique.
3.4. Parameters

Three parameters in the algorithm are required to be adjusted in order for it to operate in the
required manner: settlement range, algorithm sampling rate and reduction range as shown in Figure 12.
The settlement range is the tolerance band over which m, oscillates during operation and as long as
m, is oscillating within this band then it is considered to be settled. In Figure 12 the algorithm is
shown in the Observation Process from Regions 1 to 4. In the Observation Process, the algorithm
checks that m, did not change. In case m, is outside this settlement range, m, would be considered as
unsettled and the algorithm waits for m, to settle to determine the next consecutive action. In Regions 5
to 8, the insolation is increased which yields a decrease in m, and the algorithm would detect a
reduction in m, beyond the preset reduction range which is greater than the settlement range. At this state
the algorithm waits for m, to settle again within the settlement range to restart the Tracking Process.
In Regions 9 to 12, the algorithm starts the Tracking Process by perturbing and observing m, to settle
again. The algorithm sampling rate is set so that it should be slower than the controller time constant
(Kj), so that sufficient time is given to the controller to settle before the algorithm shifts to another state.

In order to estimate the required reduction range due to insolation and/or temperature changes,
a model based approach is used to determine this parameter. The PV model in [21] is represented by
Equation (5), where I, and I, are the PV and saturation currents respectively, V; is the thermal voltage,
Rs and R, are the equivalent circuit series and parallel resistance of the PV model.
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In Figure 13, as the insolation increases, the controller copes with the change by adjusting the
amplitude modulation ratio to m,, where m,, < m,1. The MPPT algorithm is required to detect the
change in amplitude modulation ratio (Am,) in order to recognize that a new maximum power is
available. A small change in insolation would lead to a decreased Am, and vice versa.
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Figure 13. Change in amplitude modulation ratio due to change in insolation.
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Change in m;, is described in Equation (6) where V;(G,—_1) represents the inverter voltage to
obtain the maximum output power at low insolation (G,,—1) while V;.(G,—1) is the PV voltage at that
insolation. As insolation increases from G;,—1 to Gy, the PV voltage at which the same output power
is required increases to V;.(G,,). Using PV characteristics at different insolations and temperatures
combined with the inverter characteristics a relationship can be established between changes in
insolation AG, Am, at several temperatures T.

Vi(Gut)  Vi(Gun) ®)
Ve (Gy) Vie (Gp—1)

Amak =

The relationship shown in Figures 14 and 15 shows the effect of AG, Am, at different insolation
changes AG,, as shown in Equation (7). It can be noticed that the minimum Am, is satisfied at changes
in high insolation values AG,,. Moreover, at very low changes to insolation AG the difference further
decreases. Thus the algorithm minimum change in m, can be calculated using Equation (6) by:

1.  Choosing a suitable AG: this is a design selection based on the required sensing of changes
in insolation. Decreasing the value of AG leads to an increased accuracy of obtaining true
maximum power.

2. Find V;4.(Gy—1) and Py,(Gy—1): using PV model in Equation (5), calculate the PV maximum
output power at nominal temperature and insolation below maximum by AG.

3. Find V;.(Gy): calculate the PV voltage at maximum insolation that would give the same output
power at the lower insolation calculated earlier:

AGn = Gn - Gn—l (7)

Temperature (Celsius) AGF’:‘

Figure 14. Change in amplitude modulation ratio due to change in insolation and temperature for
AG =10.
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Figure 15. Change in amplitude modulation ratio due to change in insolation and temperature for
AG=1.

4. Simulation Results

The algorithm was implemented on a system with the specifications shown in Table 1. The system
was checked prior to simulation that it satisfies the design criteria. The inverter voltage was calculated
using Equation (2) for the entire operating range and checked to match the PV output voltage
throughout the range as shown in Figure 16. The L-filter design has been adopted based on the
method introduced by the authors in [32].

Table 1. Simulated system parameters.

Parameter Value
Ve 220 Vims
Number of series PV modules 20
PV array total maximum power 800 W
Ly 80 mH
Cae 10 mF
Mamax 0.98
Settlement range +0.002
Amy 0.005
algorithm sampling rate 0.1s
K; Sensorless configuration 8.0
K}, Sensored configuration (Voltage control loop) 0.5
K; Sensored configuration (Voltage control loop) 2.2
K} Sensored configuration (Current control loop) 0.4
K; Sensored configuration (Current control loop) 8.0
Sensorless configuration reference power increment 70W

Sensored configuration reference voltage increment 1V
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Figure 16. Selected inverter and PV maximum power at different insolations (0 to 1000 W/m? in

increments of 50 W/m?2).

4.1. Proposed Sensor-less Configuration

Simulation block diagram shown in Figure 17 consists of three main blocks. The MPPT Algorithm
block implements the algorithm using a code-based approach. The input to the algorithm is filtered
such that minor oscillations in 1, are not detected and sampled. The feedback grid current block
consists of a Phase Locked Loop (PLL) to determine the grid voltage phase to transform the current to
equivalent dg quantities. Conversion of reference dg inverter voltage to m, in «f3 reference frame as
shown in Figure 17. In Figure 18, the power circuit is shown consisting of an H-bridge inverter and PV

model with changing insolation with time.

f(u) L
L

madq —->ma|

]

Vidg-->madq

Fo=1Hz
- A—
Algorithm ldg*
ma ExecutionRate  MPPT Algorithm ~ Rate Transition

2nd-Order Filter

Fo=2500H:;
:

_\_ 1GDQ

Grid Current Me

2nd-Order Filter 16>1GDQ

WY

Figure 17. Simulation block diagram of the proposed sensor-less control structure.

25+273.15

PV model
subsystem

1st Input
after 75sec
500-->1000W/m2

cde
S

Figure 18. Simulation power circuit of proposed sensorless configuration.
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The simulation results shown in Figure 19, shows that the algorithm is able to track the maximum
power point under different operating conditions. In Figure 19, during the beginning of the simulation,
the DC link capacitor charges up from 0 to 3 s. The algorithm starts Tracking Process until 22 s where

m, shown in Figure 20a increases beyond the maximum pre-set limit due to the voltage collapse shown
in Figure 20b.

800 MPP(2
R \\\\;\‘ \“\\:.:' \
600 ) WA R \
N \:
% 400
e MPP(1)
0 ‘.'.
3
25

40
Current (A)

Time (secs)

Figure 19. Proposed sensorless MPPT algorithm simulation as insolation increases after 15 s and
decreases after 27 s.

1.1 T T

MPP(2)
MPP(1)

0.8
0-7 1 1 1 1 1 1 | 1 1 1
10 20 30 40 50 60 70 80 90 100 110
Time (secs)
()
450 T T T T T T T T T

400

Vdn

350

300 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 110
Time (secs)

(b)

Figure 20. Simulation results of (a) Amplitude modulation ratio and (b) DC link voltage during
algorithm operation.
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The algorithm switches to recharging process during 22 to 26 s of simulation time where the
capacitor recharges in this region as illustrated in Figure 20b. After 26 s, m, has decreased and settled,
therefore the algorithm shifts to the Observation Process where the algorithm sets the controller to
operate at the previous maximum operating point MPP(1) before the voltage collapsed and maintains
the current operating point as illustrated in Figure 19 during 26 to 40 s.

After 40 s, the insolation is increased to 1000 W/m?2. The algorithm detects this change by
observing the decrease in 1, as shown in Figure 20a and the algorithm returns to the Tracking Process
repeating the entire sequence up to the Observation Process again from 40 to 75 s MPP(2).

After 75 s, the insolation is decreased to 500 W/m?. Since the current operating point is beyond
the PV panel output power at the current operating conditions, the voltage collapses again in this
scenario and m, increases beyond ,,4¢. The algorithm shifts to zero output power and waits for m, to
settle while the DC link capacitor recharges. The Tracking Process is then restarted again in order to
achieve maximum power at the new insolation MPP(1).

The output grid current is illustrated in Figure 21 where a larger output grid current is achieved at
increased insolation MPP(2) and a reduced output grid current at low insolation MPP(1) and MPP(2).
The instance where the output grid current is minimum represents the Recharging process of the
algorithm. The Tracking process can be observed by the ramp increase in the output grid current.

Current (A)

i i i
10 20 30 40 50 60 70 80 90 100 110
Time (secs)

Figure 21. Simulation result for output grid current with the proposed sensorless MPPT algorithm.

4.2. Configuration with Sensors

The classical method for MPPT using a perturb & observe algorithm with voltage and current
measurements on the DC side shown in Figure 1b is simulated to determine the difference in
performance between the proposed system and the classical single stage system with DC bus sensors.
The simulation shown in Figure 22 shows that the response of the sensored configuration due to
insolation changes and maximum power point tracking, is much faster than the proposed technique.
This is due to the fact that the sensorless algorithms requires a low sampling rate in order to detect
changes in m,, whereas in the sensored configuration, the voltage and current change directly with
the change in PV power and a high sampling rate may be used. Meanwhile, the sensorless algorithm
current oscillations are minimized since when the system yields maximum power, the algorithm halts
until changes occur. Whereas, the sensored technique in Figure 23 keeps on perturbing the system to
determine changes in the maximum power which yields grid side current oscillations.
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800
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=~ 400
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Current (A) Time (secs)

Figure 22. Simulation result of the classical sensored perturb and observe algorithm.

Grid Current (A)

Time (Sec)

Figure 23. Simulation result for output grid current with the classical sensored perturb and
observe algorithm.

4.3. Proposed Sensor-Less Configuration under Partial Shading

In order to further evaluate the performance of the proposed technique, the effect of partial
shading is simulated. As shown in Figure 24a, partial shading is achieved by shading fifteen panels
to an insolation of 500 W/m? while the remaining five are at maximum insolation of 1000 W/ m?2.
The result presented in Figure 24b shows that the algorithm is capable of tracking the maximum power
without being affected by the presence of another power peak which shows he effectiveness of the
algorithm under different operating conditions.
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Figure 24. Partial shading of PV panels for 15 shaded panels at 5000 W /m? (a) connection configuration
(b) simulation result.

4.4. Simulation Evaluation

In order to evaluate the difference between the proposed configuration and sensored configuration,
Table 2 shows the performance of both techniques with respect to tracking time, output current
oscillations and number of sensors used. As discussed previously, although the output current
oscillations have been eliminated during steady state using the proposed algorithm, the tracking time
is significantly larger. Trade-off between tracking time, output power quality and number of sensors
utilized is of interest for further future research.

Table 2. Comparison between the proposed and classical configuration.

Tracking Time Current Oscillations Sensors Configuration
26s 0 2(Vg, o) Proposed (Figure 9)
03s 3.3% 4(Vie, Lae, Vg, Ig) Classical (Figure 1b)

5. Experimental Results

The configuration was implemented on a system with the parameters in Table 3. A block
diagram of the hardware setup is shown in Figure 25. A TMS320F28335 32-bit microcontroller
(Texas Instruments, Dallas, TX, USA) was used as a controller and a Smart Power Module
FSBB15CH60C (Fairchild Semiconductor International Inc., San Jose, CA, USA) as the inverter.
A transformer was utilized to step up the output voltage of the inverter to match the grid voltage.
The current transducer utilized is a CSNA111 50A Hall-effect current transducer (Honeywell, Morris
Plains, NJ, USA) with a ratio of 50 A/50 mA while the voltage transducer utilized is a CYHVS025
voltage transducer (BBAUTOMACAO Inc., Long Island, NY, USA) with an input/output current of
10 mA /25 mA. The conditioning circuit converts the output current of each transducer from 0 to 3 V
range which is suitable for the microcontroller analog to digital converter. The algorithm and current
controller was developed and coded on the microcontroller using the Simulink Embedded Coder
library under MATLAB.

Among the practical considerations, the controller considers m, to be settled when 1, is within
the settlement range for 10 consecutive algorithm samples. This is to ensure that oscillations during
operation does not affect the judgement of considering m, to be settled.
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Table 3. Experimental system parameters.

Parameter Value
Vg 220 Vims
PV Panel Type LORENTZ LC175-24M
Number of parallel PV Panels 2
Patpp/panel 175 W at 1000 W /m?2
Vmpp 35V at 1000 W/m?
L; 4mH
Cic 10 mF
Transformer ratio 7/230V
Switching frequency & Current controller sampling 10 kHz
frequency
Reference output power incremenet 15W
Algorithm sampling rate 01s

) Power Flow Direction
----- =+ Control signal

(O— Current Measurement
@— Voltage Measurement [

A/D Converter

DSP
Controller
Isolation ,\)/[: Conditioning
Circuit |, T Circuit
Filter |g V. .
Inductor  Transformer ¢ Grid
14 A
PV Module = Filtgr =
- Capacitor
DC Link
Capacitor

Inverter

Figure 25. PV grid connected inverter hardware block diagram.

The output grid current waveform shown in Figure 26 was recorded on a digital oscilloscope and
then redrawn. Figure 26 consists of eight operation regions, Region 1 is the off state before execution
of the algorithm where the DC link capacitor is allowed to charge at the beginning of operation.
In Region 2 the algorithm was executed and the Tracking Process is started. During each perturbation,
the output grid current is increased as shown in Figure 27 while maintaining constant output until
the algorithm ensures that m;, is settled for several algorithm execution cycles. The algorithm stops
perturbing the output grid current at the end of Region 2 where m, exceeds the maximum limit.

| | | [ ' |
MPP(2) MPP(2)

0 20 40 60 80 100
Time (secs)
Regions: 1 2 3 4 5 6 7 8

Figure 26. Experimental result of the output grid current using the sensorless algorithm.
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Pos2: 0.00u¥ Delay. 7. 702z

Figure 27. Increase in output grid current during perturbation in Region 2 (Vertical: 50 mA/div,
Horizontal: 100 ms/div).

In Region 3, the algorithm shifts to Recharging Process and then to Observation Process where
the algorithm moves directly to the previous output power noted by MPP(2) at which m, was stable.
Recharging Process is a quick process since P, is set to zero and the DC capacitor is immediately
charged while m, settles in less than the algorithm execution rate. It can be observed that the Tracking
Process was concluded in approximately 12 s time span with a 15 W/step perturbation in P,,s and
considering 1 s between each perturbation (0.1 s algorithm execution rate while waiting 10 consecutive
cycles to ensure m, settlement) the achieved P, is 180 W and peak output current of 1.15 A as shown
in Figure 26 in Region 3. However, the available Pypp and absorbed power maybe greater due to
inverter losses, filter losses and P, perturbation size. Moreover, it should be noted that the output
current to the grid is always in phase with grid voltage as shown in Figure 28. In Figure 28, it can be
observed that the current consists of minor switching harmonics. This is due to sizing of the inverter
filter inductor which is a trade-off between filtering requirements and voltage drop across the inductor.

Vg !
7\ 7\ pr——

{ ' "". “/. \ ,"‘

f \ [ : 2, %
/ i i\
[V anaN! AN | 2

:.’" ....... rh - 1 A .....:X....-... u‘!' ....... o WS
7 \ 4 N '/'/ A

Figure 28. Grid current in phase with grid voltage during experimental operation in Region 2 (Vertical:
vg 100 V/div, ig 1 A/div, Horizontal: 5 ms/div).

At 40 s, partial shading was applied to imitate the effect of decrease in solar insolation.
The expected outcome is a reduction in available power and reduction in V. which leads to an
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increase in m, leading to instability and the algorithm shifts to Recharging Process as shown in Region
4. Region 4 shows execution of Recharging Process and when m, was considered settled, the algorithm
re-executed Tracking Process. The Tracking Process increments Pup to the new Pjpp then switches to
Recharging Process followed by Observation Process while operating at MPP(1) in Region 5. The new
Pypp is achieved after 7 s of Tracking Process which indicates P,y is approximately 105 W and peak
output current of 0.675 A as shown in Figure 26 in Region 5.

At 55 s, partial shading was removed to imitate the effect of an increase in solar insolation. Since
the algorithm is in Observation Process, it immediately recognizes the decrease in m, due to the
increase in V4, and Tracking Process is executed to determine the new Pypp in Region 6. Similar to the
sequence in Regions 2 and 3, once the new Pypp is determined, the algorithm switches to Recharging
Process then to Observation Process in Region 7 while operating at Pyspp of 180 W. Finally in Region 8
the controller was switched off.

It can be concluded from the experimental results that starting the MPP process with the proposed
algorithm can be significantly slow. However, during operation and minor changes to operating
conditions, the algorithm can track Pypp significantly faster to the process start-up. Moreover,
current oscillations during operation at Pyspp do not exist since the inverter operates at a constant
P The results shows that the algorithm was able to track Pypp during a transient disturbance for
15 s. Discontinuities can be considered minor since they occur during the Recharging Process which
required 1 s during each disturbance. It should be noted that the process speed can be increased by
having a fast current control loop such that the algorithm execution rate can be increased too since the
main limitation in the algorithm speed is the determination of settlement of ,.

6. Conclusions

A new sensor-less PV MPPT algorithm was developed and evaluated for a single-stage grid
connected inverter. The algorithm showed good tracking capability under different operating
conditions. The main contribution of the paper is the proposal of a sensor-less technique that can
be simply implemented for any grid connected inverter without requirements of any hardware
modifications to the setup for PV integration. Approaches utilizing the analyzed phenomena mainly
concentrate on improving the performance of tracking which can add complexity to the control
structure. Meanwhile, the proposed algorithm just requires the addition of a reference generation
algorithm to the current controller and no addition of any extra external feedbacks. The main limiting
disadvantage is the slow response of the system compared to a sensored algorithm. Interruptions in
the output power occurs using the proposed algorithm merely after determining the maximum power.
Later, during algorithm Observation Process the maximum power is set constant until changes to the
operating conditions occur. Considering slow changes in operating conditions with regard to solar
insolation and temperature, these interruptions are not comparable with continuous output power
oscillations in classical techniques. However, as mentioned earlier, the technique lacks tracking speed
which is not suitable for rapidly changing operating conditions and in such scenario the interruptions
in energy production is an inevitable state. A trade-off between simplicity of the controller and tracking
speed is a matter of further investigation. Future improvements to the algorithm can be achieved by
utilizing artificial intelligence algorithms to learn such pattern changes and take appropriate action at
a faster rate.
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