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Abstract: In many solar inverters, a dc/dc converter is mainly located between the solar arrays and
the inverter. This study presents an enhanced maximum power point tracking (MPPT) algorithm for
photovoltaic (PV) systems that drives solar array voltages to track a reference value and decreases
fluctuations and oscillations in PV voltage. Different from the previously presented methods, a novel
MPPT method is proposed that ensures tracking accuracy by considering output voltage in addition
to input voltage and currents. The proposed method detects dI/dV variations, compares the output
voltage with the desired reference to shift operation mode and refreshes step size. The digital filtering,
enhanced PI, and perturb-and-observe (P&O) tracking features of the proposed MPPT method make
it robust to mitigate source fluctuations and sensitivity to partial shading based oscillations. In order
to validate the success of the proposed method, a test rig has been installed with dual boost converters.
The performance improvements have been verified by both simulation and experimental results that
are compared to InCon and P&O MPPT methods. It is also confirmed by experimental results that the
proposed MPPT method provides robust control capability in terms of tracking the reference voltage
and rejecting the effects of various shading situations on solar arrays.

Keywords: dc/dc power conversion; solar power generation; inverters; power control; microprocessor
applications

1. Introduction

The increased energy demand and the integration of renewable energy sources (RESs) have
brought several challenges to the existing power grid in recent decades. The grid-tie inverters are
being widely used for the integration of RES in microgrid and distributed generation applications [1-3].
The improvements of microgrids have improved the efficiency and power electronics requirements due
to a wide variety of applications in low-voltage (LV) [4]. The novel converter and inverter topologies
including non-isolated or capacitively isolated dc/dc converters and multilevel inverters have been
extensively researched [5-8]. The solar photovoltaic (PV) systems have gained increased interest
among other renewable sources up to 2013 [9], and they have reached to 177 GW total capacity all over
the world [10]. The power converters are involved to integrate PV sources to the utility grid. The dc/dc
converters, inverters and control methods used in solar inverters are reviewed in [11,12]. The most
widely used inverter type that has been used for many years in PV plants was a traditional centralized
one due to its higher power rates in a single inverter block. However, the efficiency and technological
improvements have promoted the use of string and multi-string inverters as state-of-the-art in PV
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plants. On the other hand, the residential solar plants that have lower rated power are equipped
with micro-inverters due to their low cost and increased efficiency in maximum power point tracking
(MPPT) [11].

The most important issues in the improvement of solar inverters are related to efficiency of MPPT
algorithms, decreasing the overall cost, improving the power density regarding size and volumes, and
ensuring the isolation. The recent solar inverters are configured without galvanic isolation by removing
the bulky line frequency of high frequency transformers, but assembling with capacitive isolation at the
PV array connection. Another recent improvement in solar inverters is provided by MPPT algorithms
that are capable of coping with partial shading situations [13,14]. Figure 1 represents a set of PV inverter
topologies of centralized, string and multi-string configurations. The first topology is convenient for
connecting high number of solar arrays to a single inverter which operates as a centralized power
converter and interfaces the highest power rate among others. Although the centralized inverter
is capable of converting the obtained power of solar arrays, it lacks in MPPT efficiency since the
limited number of tracking inputs are available in the inverter configuration. The second topology
seen in Figure 1 is improved as a solution to decreased MPPT efficiency of the centralized inverter
where many string inverters are used to interface solar arrays, and the number of MPPT algorithms is
increased. Thus, the limited number of controllers in a centralized inverter is tackled, and increased
MPPT controllers in a string inverter provides more successful tracking capability. The string inverters
are comprised by single-stage or two-stage where the latter is built with a boost converter that ensures
to obtain higher values of dc-bus voltage before the inverter section. The last configuration provides
an increased number of boost converters in a solar plant due to the architecture of a multi-string
inverter. The voltage level of dc-bus is adjusted by many boost converters to ensure obtaining a stable
dc voltage level. Moreover, the advantages of centralized and string inverter topologies are combined
in multi-string inverters due to increased number of MPPT controllers and robust dc-bus voltage
which enables the smooth conversion at the inverter section [12].

Centralized PV Inverter String PV Inverter Multi String PV Inverter
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Figure 1. Photovoltaic (PV) inverter configurations.

The latest researches in single-phase solar inverter topologies are focused on removing the
transformer requirement, and providing alternative isolation methods for maintaining the security
requirements [7,11,12,15]. Although the galvanic isolation was an obligation in terms of safety
regulations for many years, the recent arrangements have led to the use of capacitive isolation which
allows to design lighter inverters. The transformerless solar inverters have proved their efficiency
and reliability with several applications in many residential and industrial areas. The advantages of
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transformerless inverter topologies have been analyzed in [15] where many industrial inverters are
compared in terms of overall efficiency, volume, power density and size.

In this paper, a robust control algorithm has been proposed for dc/dc converters in a multi-string
PV inverter that includes a dual boost converter integrating solar strings to a dc-ac converter on the
dc interface. Dual boost converters that are operated and controlled by the proposed MPPT system
regulate the dc-link voltage required for the unfolding inverter. The existing MPPT controllers in the
literature are based on feedforward control of dc converters regarding measured current and voltage
values. On the other hand, some MPPT methods operating with only feedback signals have been
proposed. The main contribution of this paper is to propose a novel MPPT method that combines
advantages of feedforward and feedback based control in a single algorithm. The proposed MPPT
algorithm is applied and is tested on the dc/dc converters of a single-phase two-stage transformerless
multi-string inverter. The simulation and experimental results confirm that the proposed MPPT control
method not only ensures the tracking of reference voltage closely but also guarantees the rejecting of
shading effects. It is also important to note that the unfolding inverter and its control stages are out of
the scope of this work since this paper is mainly focused on the implementation of MPPT control and
the dc interface of a multi-string inverter.

This paper is organized as follows. In Section 2, a brief description of typical and recent
single-phase transformerless PV inverters is presented, while Section 3 provides a brief analysis
of the most widely used and recent MPPT algorithms. In addition, the design and contributions of
proposed topology compared with the existing PV inverters are explained in Section 3. The design
methodology and control strategy of the dc/dc converter is presented in Section 4. In Section 5,
the modeling and simulation analyses are shown, and experimental studies and results are given in
Section 6. Finally, conclusions are presented in Section 7.

2. Single-Phase Transformerless PV Inverters

The most important outcomes of recent discussions on transformerless inverters are to increase
the overall efficiency due to removal of the transformer, to improve efficient MPPT control, and to
decrease the leakage current of this new isolation type. The increased integration of solar plants at
the LV medium have promoted the research and improvements of single-phase transformerless PV
inverters as a commercial technology. The extensive researches on single-phase solar inverters have
focused on novel inverter topologies such as highly efficient and reliable concept (HERIC), T-type,
H5 and H6 in addition to traditional H-bridge and neutral point clamp (NPC) configurations [16].
The literature survey has shown that solar inverters are configured either in single-stage or in two-stage
structure owing to their dc-bus limits and grounding requirements. The single-stage topologies are
commonly comprised of an inverting section which interfaces solar arrays and generates ac output
while the two-stage topologies are improved with a dc/dc converter at the first stage and inverter
section in the second stage. Figure 2 represents the most widely known topologies of novel solar
inverters as single or two-stage configurations [9,11,15,17-21]. Figure 2a shows a transformerless solar
inverter in single-stage configuration with a dc link capacitor (Cj;,x) acting as the input source of the
MPPT controller [19]. The inverting stage of this topology is comprised by an asymmetrical half-bridge
network. On the other hand, an NPC topology configured in H-bridge structure is seen in Figure 2b in
which the device is titled as H-NPC topology due to configuration, and it is operated in single-stage
architecture. Another common mode of transformerless inverter topology has been given in Figure 2c
where the leakage currents are eliminated [17,21]. The MPPT controller of this topology requires
high input voltage which is supplied by a boost converter comprising the first stage of topology.
Although the switching device numbers are lower than other inverters, this common-mode inverter
requires increased number of passive devices compared to other configurations. A recent application of
NPC in a two-stage PV inverter is shown in Figure 2d where a boost converter has comprised a dc/dc
converter and the grounding has been provided by the middle point of the half-bridge NPC branch [11].
Although resonant converter topologies have been proposed in this configuration, the efficiency of
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the inverter has been limited and thus it is not accepted in industrial and commercial applications.
The most efficient and commercially accepted two-stage HERIC and H5 topologies are presented in
Figure 2e,f, respectively. Both of these topologies are widely researched due to increased efficiency
and leading structure in managing the coupling of solar arrays with the utility grid. The H5 and
Hé topologies are commonly derived from HERIC topology by integrating fifth and sixth switching
devices on positive and negative input terminals of conventional H-bridge topology [18].
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Figure 2. Single phase solar inverter configurations, (a) single-stage structure [19], (b) single-stage
H-NPC [20], (¢) common-mode transformerless [17], (d) boost converter+NPC two-stage [11],
(e) two-stage highly efficient and reliable concept (HERIC) inverter [18], (f) H5 inverter [18].

The proposed converter that is introduced in Section 4 is designed in a single-phase transformerless
two-stage configuration. The dc/dc conversion stage has been comprised of boost converters to achieve a
multi-string topology. On the other hand, the dc-ac conversion has been performed by single-phase
H-bridge topology to decrease the passive components and switching losses while it increases the
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inverter efficiency. A brief description of MPPT methods that are state-of-the-art is presented in the
following section. Thus, it will facilitate expressing our contribution to a controlling strategy by
comparing existing literature.

3. Maximum Power Point Tracking (MPPT) Algorithms

The deviation of input voltage and current of a solar array is detected by using an MPPT algorithm
in solar inverters. The MPPT algorithm is responsible for forcing the converter to use maximum
available power. However, the stable and unstable conditions of solar array should be closely tracked
and reacted timely. The efficiency of a solar power conversion system depends to the load variations
as well as source deviations. The unstable and changing operation circumstances should be dealt by
an MPPT algorithm for ensuring the reliable and efficient operation in a power converter. Many MPPT
methods and approaches have been proposed in the current literature [12,22,23]. The hill-climbing,
perturb-and-observe (P&O) and incremental conductance (InCon) MPPT methods have been used
for many years due to their simple and low cost structure in implementation. In addition to research
studies, lots of the commercial solar inverters also take advantage of hill-climbing and P&O MPPTs.
The novel MPPT methods have been improved with a number of soft-computing methods such as
artificial neural networks (ANN), particle swarm optimization (PSO), and genetic algorithms (GA).
The soft-computing methods ensure more precise calculations, but they lack in simplicity and low-cost
structure due to high-performance processor requirements [12,22]. The increased mathematical
calculation requirement of soft-computing methods decreases the response time while the cost of the
processor is increased due to performance conditions. The capacitor control, dP/dV and dP/dI MPPT
algorithms are improved with feedback signal based control [16,22,24-26].

The MPPT algorithms are expected to deal with decreased efficiency of the solar plant by detecting
the maximum power point. However, algorithms are not mostly able to detect the difference in local
MPP (LMPP) and global MPP (GMPP) under partial shading circumstances. Therefore, traditional
MPPT methods are not capable to efficiently operate in partial shading situations [25,26].

The proposed control algorithm in this study is based on the adoption of the conventional
P&O algorithm and output voltage feedback. In other words, the configurations of feedforward
and feedback type controllers are combined in terms of hardware, and a featured control algorithm
has been implemented with low-cost requirements. The proposed MPPT method is improved by
considering the output voltage of dc/dc converter that is drastically decreased under partial shading
conditions. Furthermore, the proposed MPPT method integrates an improved P&O algorithm with a
PI controller for voltage feedback.

4. Design and Control Strategy of The Converter

The presented converter is composed of a two-stage structure where boost dc/dc converters
comprise the first stage while the second stage is a fundamental single-phase H-bridge inverter.
The converters are shunt connected to enclose the point of common coupling (PCC) at dc-bus, as shown
in Figure 3. The solar modules cause parasitic capacitance at their positive and negative terminals
due to its grounded frame. In addition to this, the potential difference occurred during switching
transitions of converter injects leakage current on dc and ac side along the solar inverter. The leakage
current increases the electromagnetic interferences (EMI), harmonic rates, grid distortions and distorts
the safety. One of the most common solutions is to connect a parasitic capacitance between positive
and negative terminals of solar modules and ground in transformerless topologies. The value of
capacitance is suggested to be around 50220 nF/kW in a single-capacitor model [20,27,28]. Therefore,
each positive and negative terminal of solar arrays are equipped with 1 uF film capacitors, as shown in
dashed lines in Figure 3.
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Figure 3. Block diagram of proposed two-stage PV inverter and control system.

An STM32F407 microprocessor that is one from the 32-bit ARM family manages the control
operations. Each boost converter includes a hall-effect current sensor to track PV currents while resistor
networks perform the voltage sensing of capacitors at the input and output of the converter. The sensed
values are supplied to analog-digital converter (ADC) ports of the microprocessor by the signal
conditioning circuits that are composed of isolation amplifiers. In other words, each boost converter
provides three measurement signals to the microprocessor that are PV current, input capacitor voltage,
and output capacitor voltage. Although the signal conditioning circuits include passive low-pass
filters, the acquired signals are filtered by a software-based finite impulse response (FIR) filter in the
microprocessor. Once the inherited digital signals are filtered, input measurements are transferred to
the P&O section, and output capacitor measurement is applied to the PI controller as illustrated in the
block diagram. The control algorithm is dependent on three input signals obtained from a hall-effect
sensor for current and resistor networks for voltages. Therefore, the additional circuit required for
the control algorithm is achieved with a low-cost design. The design studies are presented in two
sections, one is on data acquisition and signal conditioning networks, and the other one is on the
control algorithm.

4.1. Design Criteria of Proposed Control Method

The control algorithm requires a data acquisition interface transmitting the measured signals to
the microprocessor. The measurement points at the boost converter, as shown in Figure 4a, inherit
the input parameters that are involved in the control algorithm, and the signal conditioning circuit is
designed as presented in Figure 4b. The input capacitor Cy; is responsible for mitigating the switching
ripples that cause fluctuations in inductor current I;; and ensures achieving an average current flow
along with the inductor. The input capacitor and inductor share the current provided by solar array
that is shown as ipy1 with respect to the Kirchoff’s current law as follows;

ipy1 = ic,, +iL1 1)

The driving signal a1 of semiconductors is the function of the error signal. Therefore, the reference
current ipc . provided by the current controller in the MPPT block is as,

iDC_ref = ipV1 +ig 2)

where ipy is the instant current of solar array and i} is the deviation value of current from the reference
of the controller. In this case, Equation (2) is revised by taking into consideration the current of parasitic



Energies 2020, 13, 3679 7 of 17

capacitance Cj; the relation between input current, parasitic capacitance current ic1, and reference
current of controller i} is used to determine the feedforward error rate by using Equations (1) and (2),

iDC_ref = ic1 +ipy1 + iy ®3)

erac = ic1 +ipy1 +ig —ipv1 4

erac = ic1 +1ig (5)

which yields an error of zero when ipc . equals to ipy; and thus ic; = —ij. The capacitor current

ipy1 will be zero in steady-state operation. The parasitic capacitance current ic; will be zero in
steady-state operation.

L]_ Dl
Y Y Y
| P -9
|
|
1
PV =c 4. R T Cor  Voir
’ |
|
|
R iy Zero Ord Vief
ero Order ref
/\/\/\H > HMLL Hold
) + . Vdc
Carrier S -
Switch
witcl i g ‘ e,
L ki e
*———>» ku+7 J-LL * €
[— ey
Pl Zero Voltage
Order Limiter
_ + Hold
% — Pl P&O MPPT
Y Controller
(a)
Vovrt —f>— Vot — — — — — —
D V.
Inputs E 3v3 o
D> & 3v3
Vo — oo PV — — — — — —
Rs Vee
Rs
Re —>
g Y 3
Ry Rio 3v3

(b)
Figure 4. Block diagram of proposed converter and control system, (a) boost converter with control
system, (b) signal conditioning interface along converter and microprocessor.
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On the other hand, the second control stage of the MPPT controller is based on a PI compensator
that is improved regarding to output voltage. The instant value of output voltage is achieved from
the nodes of the output capacitor that is Cp; for the first boost converter. The transfer function of the
output PI compensator is presented in Equation (6), the voltage error that is used as the reference
for the compensation process is given in Equation (7), and the transfer function of the outer loop in
Equation (8) as follows in s-domain.

Gpr = kp + % (6)
eV(S) = Vref(s) - VOl(S) (7)
T(s) = Vpyi(s) kps + ki ®)

Viep(s) — Cors® +kps + ki

where the transfer function given in Equation (8) is derived by considering the settling time fg
and minimum switching time T ,,;,, as given in Equations (9) and (10) for kp and k; parameters,
respectively [24,29].

kp = 2Co1lwy )
k[ = me% (10)

where the angular frequency is dependent on the time constant as {w;, = 1/7. By selecting the
damping ratio ¢ as 0.707, switching frequency at 25 kHz, and output capacitor as 1000 pF, the natural
frequency wy, is calculated as 5657.7 rad/s. The kp and kj values are obtained as 7.99 and 32, 009.56 by
employing Equations (9) and (10), respectively. The outer compensator loop is arranged according to
calculated values and additional tuning is performed to decrease the error band during experimental
studies. The voltage reference of solar array is tracked in the PI P&O MPPT controller, and the switch
is triggered to select the P&O algorithm or PI compensator regarding the MPP operation.

4.2. Design Criteria of MPPT Controller

Figure 5 shows the flowchart of the proposed PI P&O MPPT algorithm where the main program
consists of two subroutines as PI and P&O functions. The initial step sets counters and registers instant
power, instant voltage, instant current, and MPPT power to zero in Step 1. In the next step, the counter
is increased by one and then MPPT calculations get started in Step 3. The voltage and current of PV,
and the output voltage with the V(1) parameter are acquired, and PV power is calculated in Step 4.
After storing the values, the algorithm compares the actual voltage and current with previously stored
values for detecting power fluctuations. The measured PV power is compared with previous global MPP,
and change in GMPP is detected in Step 5. The measured output voltage is compared with a reference
boundary in Step 6 where the program jumps to the P&O function if the achieved voltage is not higher or
lower than 90% or 110% of the desired output voltage. This operation is accomplished by the multiport
switch seen in the orange block of Figure 4a. The switch is driven by the middle port connection which
triggers the main program for calling PI or P&O subroutines. Once the achieved output voltage gets out
of the boundary band, then the program calls the PI control subroutine starting from Step 7.

Once the PI compensation subroutine is called, the error voltage that implies the difference
between reference and instant voltages is calculated in Step 7.1. In the case in which the error is
positive according to the calculation in Step 7.2, it is detected that the output voltage is lower than the
reference. Therefore, the duty cycle is increased in Step 7.4 to increase the output voltage. When the
output voltage of the converter is higher than the reference, the comparison in Step 7.2 results negative
and the duty cycle is decreased as denoted in Step 7.3. The reference voltage tracking operation is
handled when the desired output voltage gets out of the boundary. Otherwise, the algorithm sustains
the operation in the lower section of Figure 5 where the P&O MPPT is operated. The conventional
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P&O maintains operation at GMPP point until partial shading occurs at any time. The GMPP and MPP
points were detected until Step 8.1, and the algorithm uses stored data to operate Step 8.2. When a
partial shading occurs, the AV value in Step 4 changes and the main program operates the P&O
function again to track the most recent MPP. The changes on AP are checked in Step 8.2 and the
comparison results define the AV operation to select at Step 8.3 or Step 8.4. The required change on
duty cycle is performed according to comparisons and the algorithm detects the recent GMPP to track
starting from Step 2. There are several MPPT algorithms that have been proposed to perform similar
operations with much more complex calculations and increased comparisons [29-33]. However, it is
important to note that the proposed PI P&O flowchart provides refined algorithms and performs rapid
comparisons when compared to others.

1. Initialize
N=Puper=Pey(1)=Vpy(t)=Ipv(1)=0

!

2. Step counter n=n+1

!

3. Acquire and Calculate
Vev(D), lev(t), Pev(t)=Vev()*lev (1),

!

4. Calculate power&voltage change
AP=P(n+1)-P(n), 4V=V(n+1)-V(n)

!

5. Calculate GMPP
APcmpp=P(N)-Poypp

6. Vrel
Comparison
0.9%*V(n)<Vr<1.1*V(n

N 7.1. Calculate error for PI
eVﬁref=vref ‘VO

‘8.1. Call the P&O Function‘

7.3. Decrease duty ‘7.4. Increase duty
D(n+1)=D(n)—c D(n+1)=D(n)+c

!

Y
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D(n+1)=D(n)+c
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D(n+1)=D(n)+c
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D(n+1)=D(n)—¢c

y
8.6. Decrease duty
D(n+1)=D(n)-c

Figure 5. Flowchart of the proposed PI perturb-and-observe (P&O) maximum power point tracking
(MPPT) algorithm.

5. Modeling Studies

Several Matlab/Simulink modeling studies have been performed in order to evaluate the
performance of the proposed PI P&O MPPT algorithm and to compare it with widely used algorithms.
Therefore, a PV energy conversion system has been designed considering the block diagram given
in Figure 3. Each dc/dc converter is supplied by parallel-connected solar arrays that are composed
of four series-connected PV modules at each array. Thus, eight PV modules comprise a PV string
connected to a dc/dc converter in Figure 3. The PV modules are modeled referring to a commercial one
with 54.7 V maximum power voltage and 5.58 A maximum power current [34]. Two dc/dc converters
operating in boost mode have been designed to interface the modeled PV plant. The design criteria of
converters have been carried out regarding the schematic diagram presented in Figure 4a that the input
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and output capacitors are set as C;; = 100 uF and Cp; = 1000 pF while the inductor is L; = 1.2 mH.
The switching frequency, steady-state current ripple, and voltage ripple values have been calculated by
using the following equations where the instant duty cycle D(t) and switching frequency are obtained
with Equations (11) and (12), respectively [29];

Vpy
D(t)=1- (11)
) Veor + AVeon (t)
_ Vev-D(t)
f S ( ) - AIL . Ll
The Vpy denotes PV voltage as a supply of boost converter, while V¢ is output capacitor voltage,
and AV (t) is capacitor voltage ripple. The PV voltage is assumed as Vpy = 218.8 V due to solar array,
Veo = 500 V and AV¢p (t) = 50 V that yields D (t) = 0.6. The switching frequency fs(t) oscillates
around nominal duty cycle Dy (#) and nominal switching frequency fsx(t) is calculated considering
Equation (12) where the inductor current ripple is limited to Ai; = 4 A. Under these assumptions,
fs(t) = 27.35 kHz is achieved. On the other hand, the nominal values of the duty cycle and switching
frequency at steady-state operation have been calculated by using Equations (13) and (14), respectively.

(12)

Dy=1-— Vev (13)
Veor
_ Vpy-Dy
fon = X (14)

that yield Dy = 0.56 and fsy = 25.526 kHz. In order to put into evidence, the MPP tracking
performance of the proposed method has been compared with widely used P&O and InCon MPPT
methods. The modeled power converter system has been designed with the aforementioned values for
passive devices and each of the MPPT algorithms has been tested by using identical Matlab/Simulink
models. The irradiations G; and G; applied to each solar array have been arbitrarily varied to
analyze partial shading conditions. The irradiations and variations are presented in Table 1. Figure 6
illustrates the simulation results of modeled MPPT controllers where the converter parameters and
irradiation values have been applied as aforementioned. The array powers, converter and dc bus
voltages, and duty cycles corresponding to presented G; and G, values have been measured for InCon
(Figure 6a), P&O (Figure 6b) and proposed PI P&O MPPT (Figure 6¢) algorithms. The first axis of each
figure shows the supplied power of first and second array, P; and P, respectively. The output voltages
of converters and dc bus have been indicated with V1, Viop, and Vj, 4, titles in the second axis.
The duty cycle ratios and variations have been illustrated in the third axis as D; and D,. The output
power of solar arrays has been rapidly forced by irradiation when the converters are driven by InCon
and P&O MPPT methods. It is exhibited that the power losses of the InCon controlled converter are
higher than the P&O controlled converter. Therefore, the output voltage levels of V1 and Vp, that are
expected to be equal deviate due to variation of duty cycle ratios generated by the InCon and P&O
MPPT controller. On the other hand, the output voltage levels of the P&O algorithm are more robust
against irradiation changes while its oscillations are much more visible.

Table 1. Irradiation changes and intervals.

Interval (s) [t; — t,] Irradiation (W/m?) (Gy) Interval (s) [t; — ;] Irradiation (W/m2) (Gy)

[0 —1.35] 1000 [0—13] 945
[1.35 - 3.2 649 — 600] (1.3 —2.3] 670
3.2 — 4.5] (695 — 810] 2.3 — 3.55] (945 — 810]
4.5 — 5.85] 950 [3.55 — 4.85 735
5.85 — 7.3] 890 [4.85 — 6.45] 915
7.3 — 8.55] 790 6.45 —8.7] 980

8.55 — 10] (935 — 975] 8.7 — 10] 905
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The presented figures show that the highest voltage of any converter supplies the output voltage
where voltage oscillation AV reaches up to 80 V in the second interval covering [1.3 — 3.2] seconds
of simulation. The proposed MPPT controller satisfactorily tracks the irradiation changes and shifts
the operation mode between the P&O and PI controller in the case of AV exceeding the predefined
hysteresis band. This operation mode control is shown in the presented simulation results of Figure 6¢
that the output voltage of the dc bus is limited around the 5 V hysteresis band. The detailed view of
output voltage fluctuations and power rates has been presented in Figure 6d. The output power of
solar arrays is measured around 2.21 and 2.35 kW at various operation intervals where the rated total
power of solar arrays is 4.8 kW. Once the operation conditions and prototype optimizations have been
carried out in simulation studies, the proposed MPPT method has been experimentally investigated.
The test rig has been installed referring to simulation parameters and converters have been configured
with calculated values.

Power Mean(kW) Power Mean(kW)
25 T T T T T

25 T T T T T 2 T T T
|
2l : T ] ' = 2 1 .
«—P2 «—7r2
L5 & Pi T 12 “e—7Pi ;

I i 1 1 1 i

i i i i i i
Output Voltages (V) Output Voltages (V)
T T T T T T

- - 350

T T
L ; i (et
300 300
-_,'\V )
250 ; : o2 Ve bus 250

S
Duty Cycle Duty Cycle

0.3 T T T T T T T 0.35 T T T T T T
024 ; : 4 0 = 3 :,__ﬂ .
121 : 4 o2 :
012 D> \ Dr D2 \ D1
i i

i i
Trradiations (W/m"2)
T T T

1050 : . T

910 I : - ;"‘I 910F : % [2s
730 Lo G2 0 | G2 : g
«——GI +«— Gl |

I i
6 7 8 9 10 0 1 2 3 4 H 6 7. B 9 10

(@) (b)

0 1 2 3 4

Power Mean(kW)
25 T T T T
| SR g g s

2 i / 7 4

L5 Pr Pz g Power Mean(kW)
2.5 T T <
1 L L i i H P " e P2=2.35kIV
7
350 e .omp“l V?ltages (v? T T T ""-‘“‘ i 4
’ e 3

300 - /
/' Vnz/ PiCo 2w P2=2.24kW
230 H 2 7 PP PP R (R PR PR RS et Y R P 0 PR T AR S P R A R oY e
200 Vor 1 i : H 3
L L . ., . . . Power Mean(kW):1
0. = > - : Duty ,Cyde z 5 = i H i Power Mean(kW):2

D2 1
0 1 2 3 4 5 6 7 3 9 10
0.36 &- Mo 8 = Output Voltages (V)
™N . : ‘ : U Ve bus=323V —_
0.18 - & " lc :bus=325
D1 %” < 1~y
0 i i i i i i i i 200
Irradiations (W/m"2) ' — [ — ] / N
109 i T T T ! ; i i T Vie_bus=320V
910 2 :
250
. Output Voltages (V):1
70 H «G2 b Output Voltages (V):2
G Output Voltages (V):3
2% T 2 3 0 3 G 7 B 0 % 7 3 9 10
(c)

Figure 6. Simulation results of modeled power converter and MPPT methods, (a) Incremental
Conductance MPPT, (b) P&O MPPT, (c) Proposed PI P&O MPPT, (d) detailed AP and AV,y measurements
for proposed method.

6. Experimental Results

The MPPT algorithm proposed in this study has been experimentally tested and the success of
the proposed algorithm has been compared with regular PI, InCon MPPT, and P&O MPPT algorithms.
To verify the validity of the proposed algorithm, several partial shading conditions and varying
irradiations have been applied by using a solar array simulator (Chroma 62050H-600S SAS) and
programmable dc power supply as the second array input. The dual dc/dc converter has been
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implemented with the FBA75BA50 dual MOSFET module at 5 kW rated power. The operation
conditions and device parameters used in the dc/dc converter test rig have been shown in Table 2.
The current measurements have been realized by using hall-effect current transducers (CASR25-NP)
that provide strict dv/dt immunity while the voltage measurements have been performed by resistor
networks with low cost. The fast recovery diodes (FREDs) used in the dc/dc converters are DSEI
60-10A diodes with 35 ns reverse recovery time ¢,,. The accuracy and reliability of implemented
measurement sections including hall-effect transducers and resistor networks have been tested
in a wide operation range, and they have been integrated to dc converters after verifications.
The implemented current and voltage measurement sections provide 98.33% accuracy for current
and 99.85% for voltage measurement [1]. The achieved high accurate signals have been applied
to ADC ports of the microprocessor where an FIR filter to ensure pure measurement signals have
been detected to track if MPP initially filters the measurement signals. The sampling time t; of a
microprocessor that has 168 MHz core speed has been set to 1 ps and sampling times of PI and
P&O algorithms fg a;pp has been set to 10 ms. The dual converter structure has been loaded with
R-L loads in order to carry out several power rates. The implemented test rig has been shown in
Figure 7 where the SAS interface of solar array configuration and shading analysis screen is depicted
in Figure 7a, Chroma 62050H-600S SAS device in Figure 7b, dual boost converter setup in Figure 7c
and measurement setup in Figure 7d. The partial shading analyses and solar array test have been
performed by configuring SAS as predefined conditions as presented in simulation studies.

Table 2. Components and values of dual boost converter.

Parameter Value
Input voltage range 150-500 V
Rated power (P) 5kwW
Switching frequency (fsn) 30 kHz
Input and Output DC capacitors (Cj1, Crz, Co1, Coz) 2200 uF/250 V
Inductor 1.2mH/20 A
Power switches (FBA75BA50) MOSFET (500 V/75 A)
Fast recovery diodes (FREDs) DSEI 60-10A (60 A-1000 V)
Current sensors (Hall effect) CASR-25
Microprocessor STM32F407-VGT ARM
Solar array simulator Chroma 62050H-600S

The experimental study results have been shown in Figures 8 and 9 where each scope screen
depicts 375 s of measurements (time/div = 25 s in Figure 8b, time/div = 50 s in Figure 8a,c). The second
channel of scope (CH2, 50 V/div) presents the first solar array input, third channel of scope (CH3,
50 V/div) presents the third solar array input, and fourth channel (CH4, 100 V/div) denotes the dc
bus voltage of the converter. Figure 8 shows experimental results of the dc converter that is controlled
by the PI controller, InCon MPPT, and P&O MPPT, respectively, in Figure 8a—c.

The dc input voltages have been applied as a dual solar array as seen in Figure 8a. Although
the PI controller provides stable operation during a single supply, it was not capable of tracking the
desired reference voltage (Vs = 200 V) when both of the solar arrays were operated simultaneously
or at different times. The overshoots or dips of output voltage have been extended up to 40% of the
reference, as depicted in Figure 8a. On the other hand, the settling time takes around 40s to stabilize
the desired output when one of the sources is stopped to provide supply (V;, = 0 V). The step time
(ts mpp = 10 ms) causes fluctuations on dc supply while InCon algorithm searches and tracks the
MPP as seen in Figure 8b. The reference error is measured around 10% to 20% according to single or
dual supply conditions. On the other hand, the output voltage oscillations reach up to 120 V during
InCon MPPT control. Another comparison of the proposed algorithm has been carried out with regular
P&O MPPT where Figure 8c shows the experimental results. In the case in which both inputs are
supplied, the oscillations on the second input have been decreased as seen in Figure 8c, where the
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output voltage fluctuations sustain and the obtained output cannot track the desired reference voltage
satisfactorily. Although the response time of P&O MPPT is lower than the InCon algorithm, it takes
around 5 s to track the input voltage. Moreover, the reference error of the P&O algorithm has been
measured as 5% referring to experimental results seen in Figure 8c.
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[ ]| v v
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(d)

Figure 7. Hardware and setup used in experimental studies, (a) solar array simulator (SAS)

interface for partial shading configuration, (b) Chroma 62050H-600S SAS, (c) dual boost converter,
(d) measurement system.

The performance of the proposed MPPT algorithm has been tested and the experimental results
have been given in Figure 9a,b under various operation conditions. In the first step shown in Figure 9a,
a single supply has been applied for a short time and then the second supply has been integrated
into the system. While a significant spike on output voltage has been observed in the previous three
control methods, the proposed MPPT algorithm compensates for the connection and disconnections
of any solar array at any time. The disconnection of the second solar array has been investigated
at the 270th second where the second supply is set to V;., = 0 V. The first solar array has been
configured to operate under partial shading conditions while the second source has been connected
and disconnected to the system at stable irradiation. The proposed MPPT algorithm has provided
successful tracking performance regarding reference value (Vs = 200 V) under highly and rapidly
changing supply voltages. The reference error of the proposed method has been detected lower than
1%. In the next analysis shown in Figure 9b, the sources have been configured in order to operate
under variously shading conditions. The first solar array has provided rapidly changing irradiations
while the second one has provided relatively lower changes. The voltage level of the first source has
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been changed between 50 V and 190 V, and sudden increment and decrements have been applied to
the dc converter.
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Figure 8. Experimental results of MISO converter with different control methods, (a) PI, (b) InCon
MPPT, (c) P&O MPPT.
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Figure 9. Experimental results for PI P&O MPPT controlled converter (V,.s = 200 V) under rapidly
changing irradiations and partial shading.

The experimental test results clearly verified that the proposed MPPT control algorithm
successfully tracks the desired output reference. Even under the worst operation conditions, the error
rate on tracking the reference is below 5%, and the algorithm compensates this error lower than 2 s.
Eventually, it is also confirmed by experimental studies in addition to simulation studies that the
proposed MPPT algorithm is more robust against rapidly or slightly changing irradiations and more
successful on tracking the reference values.
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7. Conclusions

A two-stage MPPT algorithm is proposed for solar inverters in this study. The main contribution
of the proposed method is to track voltage and current perturbation at the input and govern the output
voltage at the dc bus. The enhanced MPPT algorithm, namely PI P&O MPPT, detects the oscillations
that occurred on solar array power during partial shading and reacts to maintain providing stable dc
voltage at the point of common coupling of dual dc/dc converters. Initially, the mathematical and
simulation modeling of the proposed MPPT algorithm has been realized. After the modifications
and implementations of the proposed MPPT method have been verified by simulation studies, the
experimental results are achieved by using an implemented test rig of a dual dc/dc boost converter
in which each of converters has been controlled with dedicated MPPT controllers. The STM32F407
microprocessor has been utilized to manage control operations and MPPT algorithms of converters.
The proposed MPPT algorithm has been compared with conventional P&O and InCon methods.
As the simulation and experimental results verify, the PI P&O algorithm decreases oscillations and
fluctuations on solar array voltages, rejects the sudden or slight partial shading effects on input
voltages, provides more resilient dc bus voltage with very low reference error, and rapidly reacts
to source variations with the faster response time. It is also confirmed by experimental results that
the deviation between the reference voltage and actual output voltage is lower than 5% at the worst
operation conditions, and it provides the fastest tracking speed among other methods compared.
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Abbreviations

The following abbreviations are used in this manuscript:

Clink dc link capacitor

Cn input capacitor

fsN nominal switching frequency
ic1 parasitic capacitance current
i deviation value of current
ipc_ref  reference current

i inductor current

ipv1 instant current of solar array
ts settling time

Ts min minimum switching time

g damping ratio

Wy natural frequency

GMPP  Global MPP

HERIC Highly Efficient and Reliable Concept
InCon Incremental Conductance

LMPP  Local MPP

MPPT  Maximum power point tracking

NPC Neutral Point Clamp

P&O Perturb-and-observe
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