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In this thesis, different strategies that improve the integration of photovoltaic (PV)
systems into the grid are discussed. First, the interaction of PV installations and the
distribution network is addressed. A management system in charge of controlling the
different PV units is implemented in real hardware. The management system deals
with the grid-voltage issues caused by the distributed PV generation thanks to the

contribution of all the inverters connected to the same network.

In the second part, the strategy is focused on the DC side of the PV system. Distributed
maximum power point (DMPPT) architectures are adopted as an alternative to the
classical PV systems, that show improved performance in mismatch conditions when
compared to the classical approach. The coordination of the DMPPT functions with
a central MPPT function in charge of tracking the DC-bus voltage Vpc is proposed
and safe Vpc operating areas are identified. The advantages of having an adaptive Vpg
control in partially shaded conditions is studied and demonstrated. Besides, the dynamic

performance in DMPPT systems is improved, enhancing system stability.

Alternative control strategies consider the integration of batteries at module level. The
batteries provide support to the PV generation and act as a backup system to com-
pensate large mismatch conditions in systems adopting a constant Vpc or if the joint
operation of DMPPT and CMPPT functions is not effective.

Overall, the proposed control strategies enhance the integration of PV systems, increase
the PV generation and improve system stability, compared to other control strategies
for PV DMPPT systems.
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Chapter 1

Introduction

Reliable integration of distributed energy resources (DER) into the electrical grid presents
unique challenges arising from their widespread growth. Photovoltaic (PV) generation is
particularly challenging as it is extensively distributed throughout the grid. Thanks to
its modularity, PV is the most popular DER among small-scale producers. These pro-
ducers are popularly known as prosumers, generally household owners who in addition
to consume electrical energy from the utility grid, produce and export back electricity

from their own PV installation.

In this context, governments in different countries implement several regulatory frame-
works and support schemes that influence residential PV installations growth [1]. Dif-
ferent strategies include the obligation of grid operators to accept and feed renewable
energy from prosumers into the electricity grid at a fixed price (Norway [1], Germany
[2, 3], Spain [4]). Feed-in-tariff schemes intend to stimulate the diffusion of small-scale

renewables, targeting PV installations (Germany [2], U.K. [5], Australia [6, 7]).

Thanks to government policies, economies of scale, public and private R&D and tech-
nological maturity, the cost of PV technology has fall down dramatically over the last
four decades [8], making it competitive when comparing the generation costs of PV to a
standard generation technology [9]. In terms of PV system cost benchmarking, installed
costs of PV systems fell over the past several years [10]. Higher-voltage inverter de-
signs, lower inverter prices, and higher module efficiencies contribute to cost reductions
which makes installed PV capacity grow across residential, commercial, and utility-scale

sectors [10, 11].

The increasing penetration of PV installations and electric vehicle (EV), other local

storage options and end-user flexibility may contribute to the complexity in the active
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management of distribution networks (DN). Many DN experience different kind of sta-
bility issues, such as frequency and voltage oscillations arising from the interaction of
DERs and loads with the electrical grid. Indeed, the PV generation is inherent to atmo-
spheric conditions and unpredictable irradiance variations may cause a sudden voltage
rise or large imbalance in the grid. National and international grid standards estab-
lish network codes on requirements for grid connection of decentralised generation units
[12, 13]. However, due to the expansion of DERs in DNs, corrective actions of individual
units are often not enough to avoid grid instabilities. Proper load and generation profile
management that helps maintaining the flow limits and voltage constraints in DNs can

be achieved through centralized supervisory control systems.

Small-scale building-integrated PV (BIPV) is often subjected not only to the intermit-
tent irradiation arising from changing meteorological conditions, but also to mismatched
generation due to static shading caused by obstacles in the surroundings of the installa-
tion area. In most of the PV applications only part of the available power is processed
because of the adopted PV architecture and the lack of active management by a cen-

tralized control system.

In this thesis, some strategies are proposed that improve the integration of PV systems
into the grid. The thesis is divided in two parts. The first part implements in real
hardware a management system that controls the interaction of PV installations with the
DN. The management system deals with the grid-voltage issues caused by the distributed
PV generation thanks to the contribution of all the inverters connected to the same
DN. For this purpose, a Universal communication protocol is developed that is valid
for commercial PV inverters of different brand, because it homogenises the variety of

specific communication protocols that are in the market.

In the second part the PV generation mismatch is addressed. The PV system adopts a
distributed maximum power point tracking (DMPPT) architecture that includes module-
level batteries, in which different strategies are proposed to increase PV generation,
acting on the central MPPT (CMPPT) and DMPPT functions of the system.



Part 1

Integration of photovoltaic
systems in the low voltage

network






Chapter 2

Introduction

The increasing connection of PV systems to low-voltage (LV) networks causes voltage
variations and leads to power quality (PQ) issues that should be avoided for a proper
integration of PV arrays into the grid. These PQ issues are, up to a certain point, due to

nonlinear loads and PV systems without any active and reactive modulation capability.

The operation of grid-connected PV systems is characterized by several uncertainties
depending on the number of currently operating units, their location along the electrical
grid, and the delivered power. At present, LV networks transport energy not only for
household consumption. Indeed, residential PV generation is commonly injected into
the grid. The balance between generation and consumption defines thus the direction
of the power flow in the LV network. Due to the historical design of LV networks, grid-
connected PV generation units can have adverse effects and cause voltage deviations as

a results of reversed power flow [14].

In this context, several standards regulate the connection of PV systems to the LV
network and its voltage quality [15]. However, PV systems are commonly disconnected
from the grid during voltage sags or swells and/or overvoltage and undervoltage, due
to the lack of compensating action, which leads to large power imbalance and grid
instability. Regarding the PV generation itself, cloud transients can lead to voltage
fluctuation and flicker in these LV networks [16]. Also, overvoltage may be caused
in LV networks with high penetration of PV systems caused by generation peaks [17].
However, inverters with the abovementioned capability can help support the grid in case

of abnormal working conditions, such as undervoltage and overvoltage.

In order to comply with these standards and work towards a better integration of PV
systems, several solutions have been proposed in literature. The most common one

entails the use of the PV Inverter itself for compensating voltage sags and swells with
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reactive power regulation [18], [19] and adjustment of the active power production [20].
A scheme that controls the active and reactive power of inverters [21] may serve this
purpose: with the necessary information about the state of the grid, corrective actions
can be taken to prevent unwanted situations. The first step toward the validation of
the control scheme is to reproduce in a laboratory the behaviour of a LV network under

different voltage and unbalance conditions.

The first part of the work covers the following aspects: Chapter 3 focuses on testing
the capabilities and limits of commercial inverters regarding the above-mentioned PQ
issues and associated compensation features, in a reliable and flexible manner. Indeed,
the potential of these commercial inverters to modulate reactive power and adjust their
active power production is used to help support the grid and avoid disconnection. PV
and grid emulators reproduce a realistic environment, under normal and unbalanced grid
conditions. Moreover, automatic test protocols are developed in order to perform the
tests. Chapter 4 studies the effect of active and reactive power variations on the voltage
profile of the LV network. The lab network is numerically modelled and simulations are
performed for each operating scenario. The results from both, real measurements and
simulations are then compared. Chapter 5 analyses the implementation of a collaborative
control scheme [21] in DN with PV generation and Chapter 6 shed some conclusions and

future lines on the LV network voltage issue.



Chapter 3

Grid-voltage compensation
functionalities of commercial PV

inverters

This chapter discusses the ability of commercial inverters to locally compensate voltage
differences in three-phase LV networks. Section 3.1 discusses the relation between power
regulation and voltage compensation, Section 3.3 introduces technical characteristics
and main features of the selected inverters, Section 3.4 describes the test platform and
Section 3.5 presents the automatic test protocol developed in order to carry out the

experimental results shown in Section 3.6.

Part of this work has been presented at the Solar Integration Workshop 2015 Brussels
(Belgium) [22].

3.1 Voltage compensation

Fig. 3.1 depicts a voltage drop and a phase shift between two arbitrary points of the
grid, caused by a current flow. Distributed generation units commonly connect to the

LV networks which include inductive and resistive components [23].

This study considers an operating scenario without loads. The apparent power flowing

through the point of common coupling (PCC) results in:

ﬁjnv = Finv + jQinV (31)
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FiGure 3.1: Simplified LV network diagram representing the reverse current flow due
to the injection of inverter power (P, Qiny) into the grid.

The voltage at the PCC is considered as reference with U,=U220° while the grid voltage
U,=U;1 44 and the grid current /=1/¢p are phase-shifted by angles § and ¢, respectively.
The grid current yields:

S.
I =S 3.2
U, (3-2)

where I* is the complex conjugate of the current phasor. This results in the following

expression for the voltage drop AU in the grid [24]:

AU = (R~ + j X)L

(P RN + Qinv X1N) + J(Pv XN — Qinv RLN) (3.3)
Us

considering that the impedance is R+5X, where R the resistance and X is the reac-
tance of the cable. Since the LV network impedance is essentially resistive [25, 26], the
amplitude of the voltage drop in phase with the voltage at the PCC is approximately
equal to the real part of (3.3):

(PnvRiN + QinvX1N)

AU; =
d Uy

(3.4)

The voltage compensation introduced in the grid can thus be directly obtained in func-
tion of the active and reactive power coming from the inverter. In particular, (3.4)
suggests that if the inverter absorbs reactive power the voltage drop at the grid also

reduces.
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We can also express the power regulation and voltage compensation in terms of phase
shift between the grid current and the voltage at the PCC with the displacement power

factor:

Pin
COS (p = ———— (3.5)

Pl + @

inv

In case a load is connected at the PCC, the active and reactive powers in the LV network

are expressed by:

Prcc = Py — P, (3.6)

QPCC = Qinv - QL (37)

where P, and @)1, are the active and reactive power consumed by the load, respectively.

Then the expression in (3.4) becomes:

(PpccRiN + QprccXiN)

AU, =
Uag 0

(3.8)

3.1.1 Characteristics of overhead lines and underground cables in dis-

tribution systems

Transmission and three-phase distribution lines are mainly inductive lines [23]. LV
distribution networks are characterised by having a more resistive behaviour [25, 26|
and this behaviour is usually defined using the X/R ratio. In Europe, the lower the
voltage level, the higher the share of underground lines. Electrical energy distribution
in DNs is almost evenly shared between overhead power lines and underground cables
[27]. Overhead lines and underground cables have different electrical characteristics.
Underground cables have less resistance and inductance compared to overhead lines
[28]. In this work, priority is given to the LV network resistive behaviour, selecting cable
impedances with X/R<1. Some parts of this work consider a higher reactance value to

study the effect of the reactive power in the grid voltage compensation.

3.2 Grid codes

National and international grid standards establish the requirements for grid connection

of DERs. In Belgium, the network code is regulated by Synergrid, the association of
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electricity and gas network operators. The C10/11 standard establishes the technical
requirements for integrating distributed generation units into the grid. It is based on the
European commission regulation (EU) 2016/631 of 14 April 2016 [12]. The references
throughout the manuscript to the C10/11 standard are made considering both the 2012
version [13] and the ongoing!2019 draft version [29].

3.3 Photovoltaic Inverters

This first part of the manuscript studies single- and three-phase commercial inverters,
with special attention given to their power regulation functionalities and the result-
ing voltage compensation capability. The selection of the inverters is done concerning
the most spread PV inverters in the Belgian market (2013-2017), the availability to
externally control the inverter through a communication port (e.g. RS485 communica-
tion protocol) and especially their compensation capabilities. For commercial inverters,
power regulation implies active power reduction (w.r.t. the default maximum power

production) and reactive power compensation.

3.3.1 General characteristics of the inverters

Table 3.1 gathers the main characteristics of the PV inverters used in this study. For a
nominal power larger than Py=5kW, three-phase inverters are commonly used (Inv-1).
Three-phase inverters do both power injection and compensation evenly. Inv-2 is a single-
phase inverter with a rated power below 5kW. Single-phase inverters may contribute
more to possible voltage imbalances when injecting power into the grid but also to
compensate voltages differences between phases. Each inverter is equipped with two
MPP trackers that allow the input of independent PV strings. The outputs of the MPP

trackers are connected in parallel to the DC-link of the inverter.

According to C10/11 standard [29], the PV systems used in this work must follow the
criteria for small power systems connected to the LV DN, named petite installation
de production. A small power system must fulfil one of the following requirements: if
single-phase connected, the apparent power Sac<5kVA; if three-phase connected, the
apparent power Syc<10kVA. According to the European commission regulation (EU)
2016/631 [12], the PV systems considered must follow the EN 50549-1 norm that details
the requirements for generating plants of type A from 0.8kW to up to IMW connected
to a LV DN.
! Accessed on 2019/02/11.
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TABLE 3.1: Parameters of the commercial PV inverters considered in this work.

Symbol Description Inv-1 Inv-2 Units

Vbc.op Admissible DC-voltage range 150 - 1000 160 - 600 [V]

Vbcuinit  Initial DC-voltage 188 160 [V]
Vbompp  DC-voltage MPPT range 245 - 800 160 - 530 [V]
PpoMax  Max. DC input power 5.15 3.5 kW]
SAc Rated apparent power 5.0 3.3 [kVA]
Pac Rated active power 5.0 3.0 kW]
Vac Nominal AC voltage 400 230 [V]
COS Power Factor -0.8..1..4+40.8 -0.9..1..4-0.9 -

3.3.1.1 Power factor sign convention

The Power Factor (PF) is the ratio of the active power to the apparent power and is

mathematically equal to:

Pac

S (3.9)

cos p =
The PF can be either lagging or leading and depends on the nature of the load. A lagging
PF indicates that, representing the current and the voltage on the phasor diagram, the
current is delayed with respect to the voltage. The current lags behind the voltage for an
inductive load. Thus, lagging corresponds to an inductive load. A leading PF indicates
that the current leads the voltage and this occurs for capacitive loads. Thus, leading

corresponds to a capacitive load.

The meaning of the sign that precedes the PF value is determined by the standard
adopted. IEEE standard defines the PF sign as dependent on the load and not on
the direction of active power flow [30]. In Fig. 3.2, the diagram shows the correlation
between P, Q and PF as well as the type of load for the IEEE standard. According to
the IEEE sign convention, a positive active power flows into a load (energy consumed

by the load) and a negative active power flows out of the load (energy generation).

The Belgian C10/11 standard and the European norm EN 50549-1 follow the IEEE sign
convention determining it from the generation point of view [29]. The sign is reversed,
making the active power flow positive when it flows out of the load. Therefore, a
positive sign for both PF and reactive power (provision of reactive energy) corresponds

to an inductive load. On the contrary, a negative sign for both PF and reactive power
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Ficure 3.2: IEEE standard Power Factor sign convention. Own illustration based on
IEEE standard.

(absorption of reactive energy) corresponds to a capacitive load. In Table 3.1 a negative

sign indicates a leading PF while a positive sign indicates a lagging PF.

3.3.2 Features of the inverters

Depending on the inverter, the reactive power compensation can be set in different ways;
it can be adapted to the needs of the system (static or dynamic cosy setpoint) or to the
country grid standards. Most of the country grid standards require the reactive power
setpoint to be either fixed or adjustable by a signal from the network operator. The
setpoint value is either a fixed displacement factor (static cosy), a variable displace-
ment factor depending on the active power (cos¢(P)), a fixed reactive power value in
VAr (dynamic cosp) or a variable reactive power depending on the voltage Q(U) [31].
The user (e.g. network operator) controls the different operating points of the inverter
through the communication port of the inverter. This work focuses on the following

features:

o Active power setpoint: A reference with the absolute value or a percentage of the
nominal value modifies the actual active power operating point. This feature works

in fixed active power mode.
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FIGURE 3.3: PQ curves and admissible operating areas for each power control mode.
Own illustration based on the European norm EN 50549-1 and the VDE-AR-N 4105
German directive.

e Direct reactive power control (dynamic cos¢): This mode allows setting the re-
active power value independently of the active power delivered by the inverter.
Within the operating area delimited by the maximum allowed reactive power, the
active power can change due to a change in the setpoint reference or a power vari-
ation at the input of the inverter, without affecting the reactive power operating

point.

e Static cos ¢ (dynamic reactive power control): As opposed to the dynamic cos ¢
operating mode, cos ¢ is fixed. The variation of active power results in the variation

of reactive power.

Fig 3.3 represents the PQ curves for Direct reactive power control and Static cosp
operating modes according to the VDE-AR-N 4105 German directive for connecting
generating plants to the low-voltage power grid [32]. The grey area represents the PF
constraint for the inverters connected to the distribution system and it is not desirable
to operate at PF's below a certain limit. It is directly linked to the Static cos ¢ operating
mode. This limit varies with each countrys grid code [33]. The blue area is the Direct
reactive power control mode area, an additional performance based on manufacturer’s
decision to cover different grid codes and provide flexibility to the user. If the inverter
is well designed and the input power is sufficient, the operation in the design freedom
(vellow) area allows full active power delivery and reactive power support. The sign
convention follows the EN 50549-1 norm as stated in 3.3.1.1. Table 3.2 gathers the

features relevant for this study, as well as their availability per inverter.
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TABLE 3.2: Features of the PV inverters

READ WRITE

Vour Pour Qout cos¢ Poyr Qourt c€os™ ¢

Inv-1 v v v X v v v
Inv-2 v v X v v X v

3.4 Test platform

The platform consists first of a PV array emulator connected to the DC input of the
inverter under test. The AC output terminals of the inverter are connected to the grid
emulator through a LV network (Fig. 3.4). The emulators and possibly also the inverter
are controlled via a Graphical User Interface (GUI), through the dSPACE platform.

' p ]

GuI 1 Poy
__________________ 1
T Grid emulator 1: cosy,P, O %
1
1 ! 3 . '
: Lio ({1 : LV feeder Proco QPCCQZ Pinv, Qinv : PV array
1 (~ I [(0)} I - Rin, Xin ' emulator
: Gri 1 z PO 1
éd 1 PCC ]
load i
1

FIGURE 3.4: Representation of the test platform

3.4.1 PV array emulator

The PV array emulator allows the reproduction of the characteristics of a standard PV
installation in a reliable and flexible manner [34]. This PV emulator is model-based and
developed in Matlab-Simulink environment. It uses the single-exponential model of the
solar cells [35] with an adjustable number of panels in parallel and series in function
of the output characteristics required and takes into account the influence of the in-
plane irradiance and the PV cell temperature. The characteristic parameters of the PV
panels used for the PV array emulation are grouped in Table 3.3. The emulator is able
to reproduce realistic atmospheric conditions either with the clear-sky model or actual
recorded data. In addition, shading can be easily set in the GUI of the emulator in order
to test the Maximum Power Point Tracking (MPPT) capabilities of the PV inverters
under these conditions [34], [36]. In particular, shading results in several local maxima
on the instantaneous power versus voltage (P-V) curve of the PV array, which requires

an appropriate algorithm for proper MPPT.
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TABLE 3.3: Parameters of the PV panel

Symbol Description Value Units
Voc Open-circuit voltage  37.3 [V]
Isc Short-circuit current  8.52 [A]
Vupp MPP voltage 30.5 [V]
Ivpp MPP current 8.04 [A]
Pupp MPP power 245 (W]

3.4.2 LV network impedance

The laboratory LV network emulates a typical residential power line characterised by
having a resistive behaviour [37, 38]. The impedance values of the laboratory network
are gathered in Table 3.4, with an impedance ratio X/R=1/4. This ratio has been
selected with the available laboratory material. The purpose of the test platform is to
serve as a tool to validate the developed external control of the inverters and observe
the voltage compensating actions thanks to the active and reactive control features.

Therefore, the values of the emulated grid impedance are not critical.

TABLE 3.4: Test network data

Symbol Description Value Units
%4 Grid line-to-line rms voltage 400 V
RN LV network resistance 0.26 Q
XiN LV network reactance 65.97 m¢?

3.4.3 Graphical User Interface

ControlDesk software is used together with the dSPACE ds1104 platform for the GUI
(Fig. 3.5). The user can observe the relevant system variables, such as the grid voltages
and currents, and the DC-side voltage and current. Also, the instantaneous characteris-
tic curves of the PV array for the adjustable meteorological conditions set are displayed,

so that the evolution of the working point can be observed.
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FIGURE 3.5: Part of the available PV emulator Graphical User Interface.
3.4.4 External control

The external control of the inverters is made using a computer or a management and
communication gateway®. The former uses a USB-RS485 converter to communicate
with the inverters. The latter is a small control device (Fig. 3.6) conceived to be
located in each inverter. It consists of communication ports (e.g. RS485) to interact
with the inverter, pucontrollers enabling local control and information storage and allows
remote GPRS?and 3G /4G communication. Local information can be used to facilitate

the status of individual devices to a server and provide remote monitoring and control.

3.5 Test protocol

Testing PV inverters is of relevant importance for validating their capabilities. For
economical, flexible and reproducible reasons, a variety of test platforms for PV inverters
are used in laboratories: an automatized PV inverter interconnection test system based
on IEEE 1547 standard is developed by Taiwan Electric Research and Testing center
[39]; in [40] a PV inverter test layout is presented to investigate the dynamic performance

of three-phase PV inverters during voltage and frequency fluctuations and oscillations

2https://www.greenwatch.be/en/energy-management/ (Accessed on 2019/02/11).
3GPRS: General Packet Radio Sevices, packet-based wireless communication service that promises
data rates from 56 up to 114 Kbps and continuous connection to the Internet.
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FIGURE 3.6: GWio management and communication gateway used to control the in-
verters.

typically found on the grid; authors in [41] evaluate the power control performance of
a 3 kW solar inverter. Other laboratories set up a test bed for European efficiency, as

well as for static and dynamic MPPT efficiency evaluation [42].

The development of automatic test protocols pursue various objectives, specially the
reproducibility of the tests for a reliable comparison between devices under test and the
reduction of time in the testing procedure. The most interesting feature to be tested is
the ability of inverters to provide support to some grid instabilities, specially overvoltage
and voltage imbalances. This is typically done by controlling both the active and reactive

power setpoints. Tests post-processing evaluates the following features:

e Response time: Time required to reach the steady state operating condition after

setting a reference change.

e Accuracy: The precision between the reference and the measured value.

Fig. 3.7 shows the communication signal and the reactive power (Q). The new Q ref-
erence value is represented with dashed line and the steady state is considered within a
certain tolerance that is the steady state error. The response time of the system is the
settling time between a new reference is sent via communication port and the measured

variable enters the steady state.

FEach spike in the communication signal means that a telegram has been sent to the
inverter under test. This telegram can be a request of information (read mode), the

setting of a new reference (write mode), or both at the same time. A delay of t4=2s is
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set to give the system enough time to reach the steady-state and avoid collisions in the
communication bus. This is a generic time delay for any kind of communication speed
and it should completely avoid communication collisions. However, communication er-
rors may arise and lead to a problem in setting a new reference. If there is no response
from the inverter or the response is not correct or incomplete, the telegram is sent again
after a timeout of tgimeout=3s for a total of three times (Fig. 3.8). If the communication
is not successful, the input and the output of the channel is flushed. After a waiting

time of t=ttimeout+9s, the next reference is set.
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FIGURE 3.7: Response time (Tiesponse) after setting a @ reference (black dashed line
and the steady state error tolerance band with solid lines), serial communication signal
(blue line), and measured Q (red line).
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3.6 Test results of PV inverters capabilities

This section discusses the experimental results of inverters’ voltage compensation fea-
tures. The focus is on cos ¢ setpoint variation and P reduction capabilities. In terms of
reactive compensation capabilities, direct cos ¢ setpoint control has been chosen, that

can be adapted to the needs of the system. The tests are performed as follows:

e Programmable power sources emulating PV arrays supply the inverters. Emulated

PV arrays reproduce real PV panels behaviour using the parameters in Table 3.3.

e An acquisition board collects measured data from the output of the inverter. Data

are post-processed for further analysis.

e A Gateway or a general purpose computer (controller) controls externally the
operation of the inverter. In addition, the controller manages the logging in the

communication interaction with the inverter.

The algorithms in these test protocols are designed to sweep the whole perimeter of the
operating area allowed by the inverter under test, delimited by the maximum apparent

power, the minimum active power output and the minimum cos .

TABLE 3.5: cos ¢ variation test conditions

Py [kW] AP cosp range Acose

Inv-1 5.0 25% Py -0.8..1..0.8  0.01

Inv-2 3.0 25% Py -0.9..1.0.9 0.01

3.6.1 Variation of cosp

First disabling the MPPT function of the inverter, a number of fixed P levels are set in
steps defined by AP, e.g. Inv-1 P is reduced in steps equivalent to 25% of its nominal
AC power (Py=5.0kW): P;=1x Py, PQ:ZXPN’ P3=%><PN, P4:%><PN. For each level,
cos ¢ reference is set stepwise and jumping from unity to the reference value in cos @
steps defined by Acosy, e.g. Inv-1 Acosp=0.01. Table 3.5 summarizes the different
testing conditions adopted for each inverter. At each power level the tests sweep the

COS (p range.

Figs. 3.9(a) and 3.9(b) show the results of the stepwise and jumping from unity cos ¢
test of Inv-1, respectively. Figs. 3.10(a) and 3.10(b) show the equivalent results of cos ¢
variation for Inv-2. Lagging (injecting Q, positive Q) and leading (absorbing Q, negative
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FIGURE 3.9: 3-phase Inv-1 cos ¢ test. At each Py, level (in steps of AP=25%), cos ¢
set in steps of A cos p=0.01.

Q) cos ¢ tests have been implemented to obtain the total P-Q curves of the inverters.

In Figs. 3.13(a) and 3.13(a) the P-Q curves of Inv-1 and Inv-2 can be seen.

Table 3.6 gathers the maximum and minimum response times for each inverter. The
maximum response time (t; max) corresponds to the time in which the minimum cos ¢

reference is set, cos ¢ starting from unity. For Inv-1, ¢, nax=3.02s.
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FIGURE 3.10: 3-phase Inv-2 cos ¢ test. At each P, level (in steps of AP=25%), cos ¢

set in steps of A cos p=0.01.
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TABLE 3.6: cos ¢ variation test response times

Inv-1 Inv-2

Stepwise Jump Stepwise Jump

Min. ¢ [s.] 0.5 0.92 05 0.7
Max. t, [s.] 1.3 3.02 1.09 1.3

3.6.2 Variation of P

First disabling the MPPT function of the inverter, a number of fixed cos ¢ levels in steps
of A cos = 0.25 are set. For each level, P reference is set stepwise and jumping from Py
in steps of AP=10%Px. Figs. 3.11(a) and 3.11(b) show the results of the stepwise and
Jumping from Py P test of Inv-1, respectively. Fig. 3.12 shows the equivalent results of

P variation for Inv-2.

3.6.3 Voltage compensating actions

In Fig. 3.13 the reduction of the voltage can be seen, thanks to the Q compensating
action (Fig. 3.13(b)) and P reduction (Fig. 3.13(c)). Fig. 3.14 also shows the reduction
of the voltage thanks to the Q compensating action (Fig. 3.14(b)) and P reduction (Fig.
3.14(c)).

3.6.4 Discussion of results

Voltage compensation effectiveness is directly linked with the impedance behaviour of
the grid. LV networks commonly present resistive behaviour, hence grid voltage com-

pensation responds better to active power reduction in residential applications.

In terms of reactive compensation capabilities, static cos ¢ control seems to be the most
convenient control feature. Some of the inverters provide larger cos ¢ range (see Table
3.1) compared to that allowed by some country grid standards [13]. This involves the
implementation of additional limitations in the control of the inverters. Some inverters
only provide the dynamic functionality by setting the reactive power reference. This
implies additional mathematical operations in the conversion of the desired cos ¢ to the
new reactive power reference to be set. Therefore, a control variable allowing for a direct

control of cos y seems a better option.

The nominal power ratio of the PV system affects the reactive compensation actions

of the inverter at full load operation. Reducing this ratio (i.e. adding more panels to



Grid-voltage compensation functionalities of commercial PV inverters 23

inv inv

I

w

\V]

P [kW], Q [KVATr]

0 o + | | | | |
100 150 200 250 300 350 400 450

Time [s]

(a) Inv-1 stepwise P test.

N
I

\V)
T
-

P [kW], Q [KVAT]
—
]

0 b ettt o =t o) ! ! ! ! L
100 200 300 400 500 600
Time [s]

(b) Inv-1 jumping from unity P test.

FIGURE 3.11: 3-phase Inv-1 test. At each Qiny level (in steps of A cosp= 0.25), P set
in steps of AP=10%Px.
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FIGURE 3.12: Inv-2 stepwise and jumping from unity P test

the PV array) would be a tentative solution. Amongst the devices tested in this work,
Inv-2 is able to provide reactive compensation at full load without compromising the
active power injection into the grid. Even then, the question lies on the effective use
of the peak PV power. A second solution, better suited for Inv-1, suggests otherwise:
increasing the nominal power of the inverter. This ensures the full active power delivery
for any reactive power operating point. The drawback in this case is the under-utilization
of the power conversion capability of the inverter. Although out of scope of this work,

optimal dimensioning of the PV installation becomes challenging here.
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Chapter 4

Photovoltaic inverters in

unbalanced LV networks

This chapter studies the penetration of grid-connected photovoltaic systems. Particular
attention is paid to how the inverse current flow and unbalance situations affect the
voltage in the LV network. Photovoltaic arrays are emulated and subjected to different
irradiance profiles and the inverters are controlled to produce at different irradiance
conditions. A model developed in PowerFactory, a power system analysis software,
reproduces some of the operating conditions in a similar working environment. Both

simulation and experimental results are compared.

Part of this work has been presented at Young Researchers Symposium 2016 Eindhoven

(The Netherlands) [43].

4.1 Test platform

The main elements in the LV network are the external grid, the distribution transformer,
the cables and the domestic PV systems. In this study loads representing households
are not considered. Loads reduce the PV power injected into the LV network and thus
decrease voltage variations, a behaviour that we specifically want to exhibit in the results.
The test platform in Fig. 4.1 is an updated version of the platform in Fig. 3.4. This
section describes every part of the test platform that was not previously included and

its laboratory implementation is explained.

27
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FIGURE 4.1: Laboratory test bench for the study of voltage fluctuations and unbalanced
conditions.
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4.1.1 External grid

Voltage levels according to European standardisation bodies CEN/CENELEC are LV
(<1kV), medium-voltage (MV) (1-36kV) and HV (>36kV) [27]. In Belgium, the voltage
levels used in MV level distribution networks are 6kV, 11kV, 15kV and 36kV according
to federal legislation', but regional legislations’regulating electricity distribution below
70kV specify that 30-70kV lines are operated by the Transmission System Operator
(TSO). Distribution System Operators (DSOs) operate grids usually below 15kV [44].

In a typical setting, the external grid is the MV network at a voltage between 6kV and
36kV [45]. The distribution transformer steps down the high voltage to a low voltage of
400V. For the simulation in PowerFactory environment, a constant-voltage slack bus of

15kV models the external grid.

4.1.2 Distribution transformer

The transformer that feeds the LV network reproduced in the laboratory has the follow-
ing characteristics: Dynll transformer of kVA rating S,=100kVA, the Primary (380V,

'Legislated by the Belgian Federal Commission for Electricity and Gas Regulation (CREGQ)
https://www.creg.be/en.

2Flemish Regulation Entity for Electricity and Gas (VREG) https://www.vreg.be/en, Walloon Com-
mission for Energy (CWaPE) https://www.cwape.be/ and Commission for the Energy Regulation in the
Brussels-Capital Region (Brugel) https://www.brugel.brussels/
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50Hz, three-phase, delta) and the Secondary (400V, 50Hz, three-phase, four-wire). The
emulation of abnormal grid conditions, e.g. overvoltage, allows testing the behaviour
and the compensation features of the inverters. The impedance in the transformer is es-
timated considering the standardized short-circuit voltage for distribution transformers.
For ratings Strafo<630 kVA, Vsc=4% of the phase-to-neutral voltage (Vpnn) [37]:

Vs = 4% Vihn = 0.04 - 230V = 9.2V (4.1)

where the short-circuit current is

S, 100kVA
Isc = < = = 3600A (4.2)
V3 4% VNom V3 4% 400V
and the reactance and inductance values yield:
%
XL, trafo = —= = 2.55m) (4.3)
Isc
X
Lirato = —2T80 — g 15,1 (4.4)
w

where w= 2f is the angular frequency and f= 50 Hz.

4.1.3 LV network impedance

The cables are emulated with a set of impedances available in the laboratory. These
impedances are placed between the transformer and the PCC (Fig. 4.1). Indeed, the
impedance characteristics will determine the actual voltage variations in the network
(section 4.2), as well as the effect of the active and reactive power compensating capa-
bilities in the LV network voltage. Table 4.1 gathers the values of the impedances, with
an impedance ratio X/R = 2/3 with reduced resistance compared to the impedance
values in Table 3.4 (section 3.4.2) but it is reasonable for the objective of this part of the
work, that is to observe the voltage compensating actions in a LV network thanks to both
the active and reactive control features and compare them with numerical simulation

results.

4.1.4 PV system

Two PV array emulators feed the single- and three-phase inverters under test. The

single-phase inverter connects Array 1 to the grid, while the three-phase inverter does



Photovoltaic inverters in unbalanced LV networks 30

TABLE 4.1: Cable parameters.

Symbol Description Value Units

R Phase line resistance 100 mS?

X Phase line reactance 65.97 mf

Ry Neutral line resistance 165 mS?

XN Neutral line reactance  108.9 m¢?

likewise with Array 2 (Table 4.2). The PV panel characteristics can be found in Table 3.3,

Section 3.4. Two independent controllers implement external control to the inverters.

TABLE 4.2: Configuration of the PV arrays.

Array N. of panels Vyax [V] Peak power [kWp]

1 11 410.3 2.7

2 20 746 4.9

4.2 Voltage fluctuation in the LV network

V,=V1£0° is the voltage reference at PCC1 in Fig. 4.2. The one at the transformer
(TFM) V ppy=Vrem£0 and the grid current I=1I1/¢p are phase-shifted by angles § and ¢,
respectively. The complex power at the PCC1 is expressed as Spcci=FPpcci+i@prcci,

as a result of the sum of the powers the inverters inject into the grid.

Under unbalanced operating conditions the existing neutral impedance displaces the
neutral voltage Vi from the one at the transformer (Vy). This is a characteristic of the
available LV network setup (Fig. 4.2). The single-phase inverter is connected between
phase C and the neutral, where the inverter voltage is in phase with Vz. Represented

in Fig. 4.3, Vi, Vg and V¢ (in dark blue) are the line voltages at PCCI1.

The voltage drop at the impedance between TFM and PCC1 is:

X

where x stands for each phase A, B and C and the feeder impedance is considered the

same for all phases Z;=R;1+jX;. The phase x voltage at TFM is therefore:

ZXN = Kx - AVX (46)
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FIGURE 4.2: Part of the laboratory test platform and the neutral current flow direction.

and its neutral voltage:

V=V +Vix (4.7)

where Vy is the neutral voltage at PCC1 and V;  is the voltage drop at the neutral

impedance Zn1, caused by the current I flowing through the neutral line:

Vin=Ix 2Zx: (4.8)

considering the neutral impedance Zy;=Rni1+jXni. The neutral voltage at PCC1

satisfies the following expression:

Vi =Vn—Vix (4.9)

and the phase x to neutral voltage at PCC1 is:

Vi =V =V (4.10)
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Vs

FIGURE 4.3: Voltage phasors of the LV feeder at PCCI.

The displacement of Vy; from the neutral point of the transformer Vi changes the
magnitude of the vector in each phase. This situation is depicted in Fig. 4.3 and
the resulting effect on the voltages (in light blue) is observed at PCC1 and by extension
affects the voltages at PCC2. In the representation of Fig. 4.3, phase A to neutral voltage
at PCC1 (V on1) is lower than phase B and C voltages, Vpyn; and Vg, respectively.
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4.3 Results and comparison

The tests for the single- and three-phase inverters focus on their power regulation func-
tionality and the resulting voltage compensation capability. Table 4.1 summarizes the
general parameters of the platform. The system is analysed operating at different static

and dynamic production values.

4.3.1 Static production values

Three different operating scenarios are considered (see Table 4.4).

Operating scenario 1 (OP1): all the inverters are producing at their maximum power,
without reactive power compensation (Fig. 4.4(a)). The figure shows the influence of the
injected power on the grid voltage for each PCC. The furthest the PV inverter is from
the TFM, the highest is the voltage level at the PCC for Vgx and Von. In this situation,
the inverters linked to it are the first to disconnect from the grid if an overvoltage occurs.
However, the same does not apply to V,,, affected by the displacement of the neutral

voltage Vi1 from the TFM neutral point Vi, as explained in Section 4.2.

Operating scenario 2 (OP2): all PV inverters in Fig. 4.4(b) generate at half their

maximum active power with a lower influence in the voltage.

Operating scenario 3 (OP3): all PV inverters generate at half their maximum active
power and absorb the maximum reactive power. This last operating scenario allows us
to observe the influence of reactive power on the voltages at the LV level. The voltage
at phase C decreases more notably than at the others due to the two inverters’ reactive

power consumption.

TABLE 4.3: Active and reactive power produced by the inverters in each scenario

Single-phase inverter Three-phase inverter

P [W] Q [VAr] P [W] Q [VAr]
OP1 2317 0 4810 0
OP2 1200 0 2460 0
OP3 1200 -1700 2460 -2500

According to (4.5)-(4.10), the voltage drop (AV,) due to the line impedance depends
on the feeder characteristics, and the direction and quantity of the flowing current.
Simulation and experimental results show similar behaviour of the voltage profile along

the different points of the feeder. Table 4.4 gathers the resulting voltage values in
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Figs. 4.4(a)-4.4(c) for the three operation scenarios. A voltage shift between experimen-
tal and simulation results can be noticed (e.g. measured V4 ny=231.7V and simulated
Van=233.9V in Fig. 4.4(a)). This can be explained by the non-ideality in the real
application, with e.g. different impedance values between TFM phases. In simulation,

the software considers that all the TFM phase impedances are of the same value.

TABLE 4.4: Measured and calculated rms voltages at each PCC for the different oper-
ating scenarios. ”L” corresponds to ”Laboratory” and ”S” to ”Simulation”

\0P1L OP1S | OP2L. OP2S | OP3L OP3S

Vantr [V] 231.7 2339 232 233.5| 233.5 233.3
Ven1r [V] 2339 234 2334 233.6| 233.2 233.3
Venrr [V] 233.1 234.7| 2325 234 | 230.2 233

Van pcci [V]| 228.7 230.8 230 231.7 229 231.8
VBN, pcc1 [V]| 235.3 237.2| 234.4 235.4| 235.5 237.1
Ven,pcot [V]| 236.7 237.6| 234.9 235.7| 230.5 231.3

<

Van,pcc2 [V]| 228.7 231 | 229.8 232 228.7 231.8
VBN, pco2 [V]| 238.4 237.9 237 235.8| 238.1 237.2
Ven,pce2 [V]| 238.7 238.3| 236.8 236.1| 232.2 231.4

4.3.2 Dynamic production values

The PV emulator described in section 3.4.1 allows reproducing the irradiance profiles
adopted for the experiments. The model uses real data extracted from a Belgian meteo-
rological station®. The data has been sampled every minute. The irradiance variation is
executed in the PV emulator every 2s, thus accelerating the execution time by a factor of

30. This way, experimental results can be obtained faster than with field measurements

Two different irradiance profiles are proposed, a sunny day (Fig. 4.5(a)) and a day with
scattered clouds (Fig. 4.6(a)). This subsection analyses the results at PCC2 and its

dynamic behaviour during a day, exposed to different irradiance conditions.

4.3.2.1 Sunny day

Fig. 4.5(b) shows the evolution of the active power flows and 4.5(c) of the output
voltages of the inverters, that corresponds to the irradiance profile G' for a sunny day

(Fig. 4.5(a)). The spikes in Fig. 4.5(b) are caused by the power source used for

3Irradiance data provided by GreenWatch SA, taken in Aubange, Belgium on the 03/07/2014 (sunny)
and 04/09/2015 (day with scattered clouds).
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emulating the PV array for certain variations of the irradiance profile and should be
ignored. Similarly to the case for the static production values (section 4.3.1), the output
behaviour of the inverters is analysed in the PowerFactory model. The model adopts
the parameters predefined in the real test platform (section 3.4). Both simulation and
experimental results present similar evolutions, although the offset in the measured
voltages is meaningful. PowerFactory cannot reproduce the voltage differences related

to the unbalance in the real TFM.

4.3.2.2 Day with scattered clouds

For this experiment, a cloudy day with relatively fast changing irradiance conditions is
chosen. This test intends to analyse the dynamic response of the PV inverters and the

LV network under this generating condition.

4.3.3 Alternatives to the voltage support by reactive power

The transformer considered in this work allows to manually change the voltage level in
the secondary side, which provides some flexibility for laboratory purposes. Intensive
use transformers are normally equipped with tap-changers in the high voltage side al-
lowing for a minimum of three different voltage levels (-5%, 0%, 5% of nominal voltage).
Distribution transformers are provided with de-energised tap-changers, thus the voltage
adjustment in distribution networks is realised under off load conditions. Something
impractical that is not carried out on a regular basis. In fact, the transformer level

voltage is regulated in the commissioning and normally is not adjusted again.

Transformers in high-voltage (HV) grids are provided with on-load tap changers (OLTCs)
[46]. OLTCs change the voltage transformation ratio by altering the turns of the trans-
former winding under load conditions. Due to the increasing presence of small PV
generation in the grid, transformers with OLTCs are an attractive solution for DNs
voltage stabilisation [47]. Three type of tap-changers can be found: electromechanical,
hybrid and full-electronic [48]. The operation of the electromechanical switches makes
the tap-changing process slow. Each mechanical tap-change operation needs a minimum
of 3s. Considering a transformer with the minimum configuration of three taps, the tap-
changing operation takes 9s. The electronic OLTC transformers, on the other hand, use
solid-state switches, reducing the tap changing process time to less than 20ms [49]. An
interesting alternative that could facilitate, in addition, low voltage ride-through capa-

bilities at transformer level, thanks to the fast response of these full-electronic OLTCs.
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FIGURE 4.5: Simulation and experimental results of the three-phase inverter connected
at PCC2 on a sunny day.
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FIGURE 4.6: Results of the three-phase inverter connected at PCC2 on a day with
scattered clouds.
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4.3.4 Discussion of results

In this chapter, the penetration of grid-tied inverters in LV networks has been analysed.
The design and reproduction of a complete test platform comprising the electrical grid,
PV emulators and the grid-connected power devices under test allowed the study of
unbalanced operation in LV networks with PV generation presence. Experiments carried
out with the real hardware validate the numerical results though the non-idealities in

the real environment should be taken into consideration.

In addition, the effect of local neutral point displacement has been exhibited and ex-
plained. Such effect changes the phase-to-neutral voltages in magnitude and phase and

can aggravate the unbalance situation.

According to [15], the european grid standard EN 50160 (voltage characteristics of elec-
tricity supplied by public distribution networks) allows a maximum voltage unbalance
between phases of 3%. The EN 50160 determines that the distribution systems have to
maintain the distribution voltage level within the +10% of the nominal voltage in all
operating points of the grid. With the recent growth of distributed PV generation, the

maximum voltage rise is defined as 3% in LV networks [47]

German grid standard VDE-0126-1-1 (2006) states that the impedance monitoring can
be replaced by line-to-line voltage monitoring if the control of each phase current is done
independently. In this context, some manufacturers promote power balancing by means
of three-phase systems that basically include three single-phase inverters, considered
small-scale central inverters (e.g. Sunny minicentral) [50]. Another interesting solution
to the unbalance situation are the single-phase inverters with three-phase grid-connection
that bring the possibility to reconfigure the connection to the grid and feed a different
phase of lower voltage (e.g. KACO powador solar inverters) [51].






Chapter 5

Operation of photovoltaic

inverters in a distributed scheme

This chapter discusses the active management of grid-connected PV systems. The focus
is on PV units sharing the same LV network. A distributed control scheme [21] that
manages the interaction between PV inverters and the grid is implemented. The control

scheme modifies the active and reactive power of PV units to mitigate overvoltage issues.

In practice, a wire variety of inverters of different brand, power rating and connection
type is found in the same LV network. Even the controllable features offered by each
manufacturer are usually different. The external control provides certain interaction
between the inverter and the end-user and power-related functionalities are accessible by
the user. Manufacturers implement standard communication protocols allowing for this
remote control. Nevertheless, the transmission format of the messages is developed and
decided by each manufacturer and is generally not compatible with other manufacturers’
messages. Homogeneity in the communication eases the implementation of an active
management for PV generation units in DN. This chapter validates the distributed
control algorithm proposed in [21] with a universal communication scheme that facilitates

its implementation.

5.1 Distributed control of photovoltaic inverters in Dis-

tributed Networks

The distributed control scheme proposed in [21] can be divided in two main parts: first,
the normal operation entails a local control for each device, without any interaction

with the surrounding network and devices. Second, a collaborative control assumes the
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Universal Communication Protocol

Inverter selector

Inv-1 functions
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FIGURE 5.1: Structure of the distributed communication scheme.

cooperation of all the inverters. The controllers in charge of inverters’ operation make
use of limited communication. Only when it is necessary, an emergency signal alerts
the PV units to begin the collaboration process and activate compensation actions. In
terms of control actions, the control algorithm prioritizes first the active power delivery,

second the reactive power compensation and third the active power curtailment.

5.1.1 Communication network architecture

The purpose of the universal communication protocol UCP (Fig. 5.1) is to serve as
an interpreter between the external controller (e.g. a gateway or a computer) and the
inverters to ease the implementation of the remote control and monitoring. It has a
vertical structure: the UCP selects the control module of an inverter that contains
the specific method of this particular inverter. Each specific method addresses to the
functions that build the communication telegrams. Finally, the functions make use of
libraries or specific algorithms if necessary. Details on the UCP can be found in Appendix
A. The specific communication scheme as well as transmission message formats are

protected by license rights and cannot be published in this manuscript.
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5.1.1.1 Communication protocol

Here, the external control is done via the RS485 serial communication method. This
communication interface allows to connect several units to a network structure or com-
munication bus. A host computer assumes the Master function, whereas the inverters
act as slaves. The Master sends queries over the RS485 communication bus. The devices
connected to the bus receive these data and respond to the Master. In serial communi-
cation there is a risk of data collision, thus the implementation of error detection in a
higher level control is necessary to detect incomplete data transmission and repeat it at

a later time.

5.1.1.2 Control algorithm for the active management

The control algorithm is composed of five modes of operation (Fig. 5.2):

e Mode A: Local operation. If there is no overvoltage, the controllers adjust the reac-
tive power setpoint of the inverters individually. The inverters perform the MPPT
for the active power setpoint There is no communication with other controllers

and only local measurements are used for the reactive power compensation.

e Mode B: If the controller detects overvoltage, an emergency signal alerts other

units for coordinated reactive power consumption.

e Mode C: If the overvoltage situation persists even after all PV units have used
the maximum reactive power capability, each controller performs active power

curtailment.

e Mode D: If the overvoltage condition disappears, the emergency signal stops and

each controller restores the active power MPPT.

e Mode E: If the voltage level is within an acceptable range, each controller restores

the reactive power operation to normal conditions.

If the overvoltage situation reoccurs or the controller receives a new emergency signal,

the control algorithm steps back to one of the voltage compensation modes (B or C).

Modes B-C-D-E define an operating time to accomplish the tasks in each mode. The
selection of these operating times is based on the ongoing Belgian standard C10/11
[29] that determines a maximum operating time of 10 minutes if the inverter detects
overvoltage in its output terminals (230V+10%), as well as on the empirical experience

during the implementation of the control algorithm. ¢pg=2min is the reactive power
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(Q) depleting time, tpp=2min the active power (P) depleting time, tgp=4min the P
restoring time and finally, trg=4min () restoring time. Restoring times were chosen
to be larger than depleting times because of the following reason: in an overvoltage
situation it is preferred to reduce the voltage level in a relatively short time and avoid
disconnection or device damage. On the other hand, larger restoring times ensure a

smooth rise of the grid voltage.

Mode A

Py = Pyppr
Qer = Qf
t > trg: >
Qset = Qf(Vim, Peer) reached .

... Signal received

Mode E
Peer = Pyppr

Qset — Qf
until £ = g

Mode B
Peoet = Puppr
Qsct —2 _Qmar
until £ = tpg

_______

t>trp: ' 7t > tpg and signal persists:
Pget = Pyppr reached 7 Qset = —Qmaz reached

Mode D
Piet = Puppr

Qset — _Qm ax

until t = tpp

Mode C
Psgt —0

Qset == _Qma.r

until t =tpp

‘‘‘‘‘‘‘

No more signal for Tyeee:

FIGURE 5.2: State transition diagram of the distributed control scheme. The red dotted
lines are the emergency control transitions while blue dashed lines are the restoring ones
[21].

5.1.1.3 Corrective actions in the control algorithm

As opposed to the control algorithm, the power hierarchy of the inverters studied prior-
itizes the reactive power compensation that leads to the depletion of the active power
(e.g. working at full load). Accordingly, the control algorithm implements additional
calculations: first, instantaneous active power is measured. Second, considering the

maximum apparent power of the inverter, a new maximum reactive power is set.
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FIGURE 5.3: Local operation mode (mode A). Q¢(Vim, Pset) function [21].

5.2 Experimental results

5.2.1 Test platform

The test platform in section 3.4 is used. The PV emulator emulates a PV array of 21
series-connected PV panels with the characteristics in Table 3.3 and results in a peak
power of Ppy= 5.15kWp. The three-phase Inv-1 (see section 3.3) with a rated apparent
power of Sac= 5.0kVA is tested.

5.2.2 Local operation

If the voltage at the PCC of the inverter is inside a predefined range [V1,Va] or [V3,Vy],
the inverter modulates its reactive power as a function of its output voltage (Vi and
delivered active power (Pyt) (Fig. 5.3). Vi and Vj are the limits for a normal opera-
tion, corresponding to the maximum voltage amplitude variation allowed for distribution
systems that, according to the norm EN 50160 is + 10% of the nominal grid voltage
[15].

Based on local measurements, the voltage compensation action rests with the inverter
that detects the voltage rise (Fig. 5.4). The test implements a ramp to the PV array
emulator (see section 3.4.1), starting from an input power equivalent to Ppy = 1.5
kW to Ppy = 5.0 kW. The reactive power varies according to Fig. 5.3 as far as the
apparent power does not exceed its maximum. The hierarchy in the control algorithm
(i.e. priority to the active power delivery) affects the reactive compensation capability

above Ppy = 4.0 kW, coincident with its minimum cos ¢ at full power (see Table 3.1).
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FIGURE 5.4: Local operation mode (mode A). Voltage compensation action of Inv-1.

FIGURE 5.5: State transition diagram of testing scenario 1. Own illustration based on

Fig. 5.2 [21].

5.2.3 Active and reactive power support at partial load

This test considers the state transition diagram in Fig. 5.5 at partial load operation

under the following test conditions:

e Delivered active power: 80% of the nominal power (G = 800 W/m?)
e Initial operating mode: mode A

e Voltage level within the acceptable range (Vx+ 10%)

The partial load operation in Fig. 5.6 considers a realistic operating scenario under

an irradiance level of G=800W/m?. The equivalent PV power for this irrandiance is

Ppy= 4.12kW. This enables the utilization of the reactive power compensation when
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a voltage level issue emerges, without affecting the active power generation. Local
measurements show a normal operation (operating mode A in Fig. 5.6(a)) within a safe
voltage range (Fig. 5.6(b)). At ts = 40 s, the inverter receives an emergency signal
(another PV unit sharing the same LV network has detected an overvoltage) and the
control algorithm changes to the operating mode B. As long as the controller receives
the repeating emergency signal, it adjusts increasingly the reactive power of the inverter.

The target is to reach its maximum reactive power at t=tpq-+ts=160s.

In mode C, the controller reduces the active power delivered by the inverter until the
distress signal disappears or in a time period of tpp=120s at t=tpp+tpq+ts=280s.
The active power reduction is limited to a minimum security level of 10% Py to avoid

damaging the devices, as recommended by the manufacturers.

Once the overvoltage situation disappears, the control algorithm changes to operating
mode D, after a period without receiving an emergency signal (freset = 40 s). In this

mode, the active power is restored stepwise in trp=240s at t=trp+treset +tpP+tDQ+ts=560s.

As there is no overvoltage in the output of the inverter and the controller does not receive
any emergency signal, the control algorithm changes to mode E to smoothly adjust the

reactive power setpoint in a time period equal to trq=240s at t=trqQ+trp +treset +tDP+tDQ+ts=800s.

Grid voltages are considerably reduced thanks to the active power reduction rather than
to the reactive power compensation capability. This result is highly influenced by the
resistive behaviour of the LV networks. The voltage level also changes independently
from the operation of the PV inverter, influenced by a neighbouring device interacting
with the same DN. In this case, the connection of a three-phase load or the disconnection

of a three-phase inverter creates a sudden change around ¢ = 750 s in Fig 5.6(b).

5.2.4 Active and reactive power support at full load

This test considers the state transition diagram in Fig. 5.7 at full load operation under

the following test conditions:

e Delivered active power: 100% of the nominal power (G=1000W /m?)
e Initial operating mode: mode A

e Voltage level within the acceptable range (V£ 10%)

The operating conditions are similar to the previous case at partial load. The power

hierarchy of the control algorithm prevents the modulation of the reactive power in
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FIGURE 5.6: Measured A-B-C-D-E modes operating sequence. Voltage compensation

action of Inv-1.

mode B (in tpg=120s), avoiding the active power reduction. In mode C (tpp=120s),

thanks to the active power curtailment, the voltage reduces and the emergency signal

disappears. The control algorithm changes to mode D, restoring active power stepwise.

In this case, the controller receives a new emergency signal, changing back to depletion

mode (mode C) and repeating the process. The sequence in this case study is, therefore,
A-B-C-D-C-D-E.
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FIGURE 5.7: State transition diagram of testing scenario 2. Own illustration based on
Fig. 5.2 [21].

5.2.5 Discussion of results

The development of a universal communication protocol facilitates the implementation of
active management control schemes in DN. Especially for LV networks with PV systems
of different brands, a tool which serves as a bridge or an interpreter turns out to be
necessary. The active management in DN provides information about the status of the
different PCCs along the grid. Moreover, the collaborative operation of the PV units
in the distributed control scheme contributes to improving the safe operation of the LV
network. Overall, it constitutes a feasible solution to the overvoltage and grid unbalance

issues from the grid voltage instability point of view.

Nevertheless, the results show that the grid voltage is not affected only by the inverter’s
operating point. The local information is not enough to overcome grid voltage issues
arising from the operation of other loads and generation units. Energy management
systems (EMSs) have to be more and more complete and handle increasing numbers of
devices of different requirements. The information about the status of the devices that

interact with the grid must be included in these EMSs.
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Chapter 6

Discussion of Part 1

Voltage compensation capabilities of PV inverters, i.e. active and reactive power con-
trol, help to the stability of LV networks. The possibilities that individual PV generation
units provide have been analysed in this first part of the manuscript. However, the com-
pensation actions of individual inverters that effectively influence in the stability of the
grid are limited, due to design constraints and limitations certain country grid standards
impose [13]. For that reason, the advantages of having a collaborative network of sev-
eral units has been discussed and demonstrated in this work. An active management
control scheme for distributed PV generation units has been implemented in order to
control commercial inverters. The UCP proposed in this work provides a way to control

inverters of different brand connected to the same LV-network.

As the LV networks are characterised by having a more resistive behaviour, they ex-
perience larger voltage oscillations with the exchange of the active power rather than
the reactive power. In general, inverters’ reactive power compensation capability is less
effective than reducing the active power delivered to the grid. Besides, voltage compen-
sation via reactive power provision can increase power losses in the PV inverters and
operational costs of the PV installation [52]. Hence, active power control capabilities
must take priority for inverters connected to LV networks. Some country grid standards
oblige grid-connected PV systems to integrate the active power curtailment feature in
the hardware of the DC/AC conversion device. The grid voltage instability is ensured,
but at the cost of having less profitable PV installations.

A possible alternative to the power curtailment could be the storage of the PV energy in
batteries before the DC/AC conversion. Thus, the energy supplying the grid is reduced
for a certain period but not curtailed. The adoption of batteries in PV systems offers
various advantages, including the rescheduling of the energy injected into the grid or the

compensation of the energy generation mismatch between PV panels.

51






Part 11

Control strategies for distributed
maximum power point tracking
architectures in photovoltaic

applications

53






Chapter 7

Introduction

Classical grid-tied PV systems (Fig. 7.1(a)) consist of a number of series-connected
PV panels, i.e. strings. Depending on the PV plant’s nominal power, each string
can be connected to an input of a string inverter or some strings can be connected
in parallel and the resulting field is plugged to the input of an inverter. In case of
irradiance mismatching phenomena affecting the PV strings, e.g. due to shading or
uneven ageing, the presence of bypass diodes allows to reduce the consequent power
drop. Unfortunately, bypass diodes lead to a multi-modal P-V curve of the string and of
the whole field showing several maximum power points (MPPs). Among them, only one
is the global MPP that provides the highest power [53]. The multi-modality of the P-V
curve makes the MPP Tracking (MPPT) operation unreliable and the system process
only part of the available power in the string. Indeed, in commercial string and central
inverters, the latter is performed using on-line local optimization algorithms, which are
based on the hill-climbing principle known as Perturb and Observe (P&O) method.
Global MPPT algorithms (GMPPT) perform periodical voltage sweeps in the string
using different techniques, in order to detect the operating point providing the highest
maximum power [54, 55]. This is a great advantage over the algorithms performing less
advanced MPPT control that can be trapped in a suboptimal operating point, known as
local MPP (LMPP). Nevertheless, GMPPT techniques do not guarantee the extraction

of all the power available in the PV string under mismatch conditions.

DMPPT systems have emerged as an alternative to the traditional CMPPT approach.
The DMPPT system is based on the use of distributed power electronics equipped with
their own MPPT control thus maximizing the power produced by a small number of
series-connected panels, ideally one. The power electronics are divided in two main
families, micro-inverters [56, 57] and DC power optimizers [58-60]. Micro-inverters (Fig.

7.1(b)) interface directly with single PV panels, performing individual MPPT. This offers
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a great advantage in terms of loss minimization due to power mismatch and system
scalability. Nonetheless, the micro-inverters show a low conversion efficiency (typically
93%-95%) compared to conventional high-voltage string and central inverters (above
98%). Indeed, it is quite difficult to reach the grid voltage from the output of a single
PV panel in an efficient and reliable way. In addition, the cost is significantly higher than
for a system that uses a central inverter, as the amount of power electronic components

considerably increases [61].

DC power optimizers are more suitable than micro-inverters for commercial and utility-
scale systems. A DC power optimizer is basically a low-voltage DC/DC converter.
The output terminals of the converters can be connected in series (Fig. 7.1(c)) or in
parallel (Fig. 7.1(d)). The parallel connection requires high-boosting converters or a
second boosting DC/DC stage to meet the DC bus voltage level required by the grid-
connected inverter [62]. The need to adapt the PV voltage to a higher level (~325
Vdc for single-phase inverters, ~565 Vdc for three-phase inverters) implies low power
conversion efficiency and high stress of components. This may lead to lower durability
of the power electronics. Non-isolated converters have a limited voltage gain, because
the voltage conversion ratio depends on the modulation of the duty cycle. Isolated
topologies can help adapt the different voltage levels thanks to the use of a high-frequency
transformer that isolates low and high voltage sides of the converter. However, the
number of components in non-isolated converters is larger and normally increases the

cost in hardware [10, 63].

The string of DC/DC converters substitutes the string of PV panels. The high boosting
requirement per converter is not necessary and non-isolated topologies can be imple-
mented. In the last decade, these power optimizers [64—67] have penetrated the PV
market, e.g. reaching 37% of the total California residential market share in 2017 [10],
demonstrating that the amount of harvested energy is increased from 20% to 45% un-
der partially shaded conditions [60, 68-73]. Unlike CMPPT, any partial shading that
occurs in a single PV panel of a DMPPT system will only affect the power output of
the corresponding module [74].

A preliminary study in chapter 8 analyses the characteristic P-V curves of CMPPT and
boost-based DMPPT systems under different operating conditions and the results are
compared in terms of system efficiency and voltage operation. Specific characteristics
of the DMPPT system used for the study of the proposed control strategies are pro-
vided in chapter 9, such as the adopted DC/DC converter topology and PV panels, the
number of elements that compose the system, and the electrical parameters. A detailed
analysis of the operation of DMPPT and CMPPT systems is carried out with both

simulation and experimental results. Moreover, it analyses the influence of the DC-bus
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voltage on the performance of the distributed converters under homogeneous and non-
homogeneous generating conditions. In particular, a control strategy that coordinates
both central and distributed MPPT functions is proposed that enhances the overall sys-
tem efficiency. Chapter 10 is devoted to improving the dynamics of the multi-variable
control in DMPPT systems. Chapter 11 introduces the alternative DMPPT system in-
cluding batteries at module level and proposes some strategies for extending the MPP
operating range of the converters. Finally, chapter 12 draws some conclusions and future

research lines.



Chapter 8

Preliminary study on the viability
of distributed MPPT systems

This chapter introduces the DMPPT system. Characteristics of the system are provided,
such as the architecture, the adopted DC/DC converter topology and PV panels, to-
gether with the electrical parameters. Basic operating principles of the DMPPT system
are presented, as well. Averaged models of both DMPPT and CMPPT systems have
been developed allowing for fast simulations and the P-V curves are analysed under
different atmospheric conditions. Full-day performance of both approaches is analysed
using different irradiance profiles under different shading and non-shading conditions.
The results are compared in terms of energy exploitation, system efficiency and oper-
ating voltage. The matching of the DMPPT approach with the DC-bus voltage is also

addressed.

8.1 Converter topologies for DMPPT architectures

Authors in [58] analyse four different non-isolated DC/DC converters as possible can-
didates for DMPPT applications: the buck, the boost, the Cik and the buck-boost
converter. After a thorough comparison, it concluded that although the buck-boost
and Cuk converters are more flexible in voltage ranges, they are always at an efficiency
and/or cost disadvantage. The most efficient topologies are found to be the buck and
the boost. The boost converter is best if a significant voltage step up is required, such

as with a low number of panels, while the buck is best suited for long strings.

Under certain mismatch conditions between PV panels, a boost converter string cannot

always deliver all the power. If the DC-bus current (Ipc) is higher than the maximum
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PV current of a certain panel, the converter is not able to perform the boosting operation.
A buck converter string is able to deliver all the power under any generation condition,
but a larger number of panels is required to reach the same DC-bus voltage (Vpc).
This increments costs and complexity to the system. Buck converters optimally work
in systems with a few PV panels experiencing shade. By installing the buck converters
only in those panels affected by a lower irradiance, they can process the generated power

that otherwise would not be recovered [69].

In [59] buck-boost and boost converters operation is analysed under different irradiance
and temperature conditions, adopting devices with the same voltage and current ratings.
Authors identify feasible MPP operating regions of the whole PV system, showing that
boost converters are characterized by having larger MPP operating regions, thus the
MPP operation of the boost converters occurs more frequently compared to the buck-
boost case. Besides, buck-boost converters normally involve additional components and

higher voltage stress [75].

The aforementioned considerations suggest that the boost converter is best suited in
DMPPT systems equipped with one DC/DC converter per PV panel, taking into account

the efficiency in the power stage, voltage and current stress of components and cost [62].

8.2 MPPT control algorithms in PV systems

Amongst several MPPT techniques the following stand out: perturb & observe (P&O)
and incremental conductance (INC), both considered part of the hill-climbing control
family. In fact, INC is a method derived from the P&O technique in which the type of
perturbation differs from the P&O approach. Authors in [76] discuss the implementation
of four different algorithms, indicating that P&O and INC are the best algorithms for
DC/DC converters in DMPPT systems, considering that the control is individually

implemented in each converter.

Fig. 8.1 shows the principle of the P&O control algorithm. It perturbs the PV voltage
and compares the resulting PV power with the one prior to the perturbation. If the
PV power increases, the perturbation direction is the right one and the operating point
moves towards the MPP. If the PV power decreases, the perturbation direction is wrong

and the next perturbation will have an opposite sign.

The INC method (Fig. 8.2) searches the MPP in a similar way to the P&O method.
As explained in [77], this method is based on the fact that at MPP the PV power slope
is equal to zero (dP/dV = 0). At this operating point, the conductance is equal to the

) i
incremental conductance, represented by N and the system stops perturbing the
v v
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The main advantage of th P&O technique is its ease of implementation. Previous knowl-
edge of the PV panel characteristics is not required and it generally exhibits good per-
formance if the irradiation does not vary too quickly [78]. The major drawback of this
continuous MPP tracking is that in steady-state conditions the operating point oscillates
around its maximum and it causes power losses. In addition, the P&O method shows
poor efficiency at low irradiation conditions and erratic behaviour under fast chang-
ing atmospheric conditions. This may result in incorrect MPPT performed in opposite
direction to the MPP [78]. Moreover, the latter circumstance can deceive the P&O

algorithm and implement the tracking in the wrong direction [79-81].

INC method is capable of tracking the MPP more precisely in highly variable weather
conditions [82], and the operating point moves less around the MPP, even for optimized

P&O methods [83]. It presents very good transient performances when subjected to
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rapidly changing atmospheric conditions. However, possible output instabilities may
appear due to the use of a derivative algorithm. Another disadvantage is that under low
irradiance levels it is hard to carry out the differentiation process and the results are
unsatisfactory [82]. Although INC is often claimed as a more accurate MPPT method,
it causes more severe thermal stresses compared to P&O [84]. For a sharp irradiance
change, the turn-on switching losses showed to be higher when INC method is selected
rather than P&O. According to the authors in [84], duty cycle changes during INC
operation are more drastic and the current shows a more oscillatory behaviour during
each cycle compared to P&O algorithm. In addition, the adoption of INC compared to
P&O shows higher power loss profile at high irradiance levels.
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TABLE 8.1: Characteristic parameters of the BenQ GreenTriplex PM245P00 260Wp.

Electrical characteristics Value @ STC!
Short-circuit current Isc 8.83 [A]
Open-circuit voltage Voc 37.7 [V]
MPP current Iyipp 8.34 [A]
MPP voltage Vaipp 31.2 [V]
Temperature coefficient of Isc (o) 0.065 [%/°C|
Temperature coefficient of Vo (ay) -80 [mV/°C]
L D,

2288 P °

Vpy <t> Cin = \ S1 —— Cou V,

o

FIGURE 8.3: PV module subsystem formed by a PV source and a DC/DC boost
converter.

8.3 System description and basic operation

The PV system adopts the DMPPT architecture in Chapter 7 Fig. 7.1(c). Each DC/DC
converter undertakes the MPPT of a single PV panel. The subsystem formed by a PV
panel and its DC/DC converter will hereinafter be referred to as module. BenQ Green-
Triplex PM245P00 260Wp poly-crystalline PV panels are considered in the different
stages of this study, in simulations and experimental analysis. The characteristics of the

PV panel at standard test conditions (STC) are gathered in Table 8.1.

8.3.1 DC/DC boost converter

The non-isolated DC/DC boost converter topology (Fig. 8.3) is used in this study.
The converter is analysed in continuous conduction mode (CCM). Considering ideal

components, the output voltage (V;) of the boost converter is defined by:

1
VO == ﬁun (81)

!STC: standard test conditions, G=1000W /m?, Tamp = 25°C, Air Mass 1.5 spectral distribution
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where Vi, is the input voltage and D is the duty cycle, given as a reference by the control
algorithm implemented in the controller of the converter. The voltage gain of the boost

converter is defined by:

h=—>=—— (8.2)

The converter will perform the correct tracking of the PV panel MPP as long as £ is

between its maximum and minimum values:

kmin < k < Emax (8.3)

Ideally, D operates in the range [0,1], so the output voltage V, is equal to or higher
than the input voltage Vi,. In practice, the maximum duty cycle (Dpax) is given by the

maximum voltage gain limitation kpax:

1 i
Dinax = 1 — - (8.4)

kmax ‘/o,max

In boost converters, the value of ky.x is normally influenced by the finite ratings of the

switch S7 in parallel to the output terminals of the converter:

Vot < Vds,max (85)
Ion < Ids,max (86)

where Vigmax is the maximum allowed source to drain voltage of the switch, Vo the
voltage across the switch in OFF state, Iqsmax the maximum allowed current in the

switch and I, the peak current in ON state.

8.3.2 Basic operation

The inverter, controlling the DC bus voltage (Vpc), requires a minimum voltage on its
DC side to work properly. To this end, the output of the modules are connected in
series, forming a string of N modules. The number of modules will depend on the input
power and voltage ratings of the inverter. In a general form, Vp¢ is the addition of the

output voltages:
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N
Vpe = ZVoz' (8.7)
i1

The output voltage of the i-th module (V5;) is proportional with the output power of

that module (P,;) for a given total power generated in its string (Ppc):

Poi

Voi =
o7 PDC

Vbe (8.8)

The input current in boost converters needs to be greater than the output current,
otherwise control over them is lost. In this case the input current is the PV current, and
the output current is controlled by the inverter. The system is able to keep all the PV
panels operating at their MPP, as long as the MPP current of each PV panel is high

enough.

To exemplify, let’s consider the system of N modules operating under mismatch con-
ditions. The mismatch condition is represented by the shading parameter Sh. A first
group of Ny PV panels is subjected to a high irradiance (Gy). A second group of Ny,
PV panels operate at low irradiance level (Gr,), affected by Sh. For simplicity, a 100%
efficiency is considered in the converters, and all PV panels are considered to be working
at their MPP. Assuming that the shading of each PV panel only affects to its current
capability and that the voltage remains unchanged, Sh=0 stands for completely shaded
and Sh=1 for no shading. The PV current for each panel under G, (Ipv,), is given by

Ipy 1, =IvppShi,, and the related PV power is:
Ppy L = VmppIvppShy = Vo LIpC (8.9)

where Viyrpp and Iypp are the MPP PV voltage and current @ STC, respectively. The
DC-bus current Ipc, controlled by the inverter, will be the total power over the DC-bus

voltage:
N
> b
Jo_i=l NuPypp + NLVappIvppShy 1
pC = - = v (8.10)
DC DC

Since the limit to keep control of the power conversion in the converters with lower

power is Ipc=IyppShy,, substituting this value in (8.10), yields:

(N — N1,) Pypp
Vbc — N,Vmpp

Inc = IvippShy, = (8.11)
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which highly depends on Vpc. For a system of N=6 modules with N, =3 and Ny=3 con-
figuration and two DC bus voltage values arbitrarily chosen, the maximum DC current

is calculated:

e Ipc=3.78 A or Sh;,=0.45 Q Vpc=300V

o Ipc=2.93 A or Sh;,=0.35 @ Vpc=360V

meaning that, at Ipc=IyppShy, the group of Ny, panels receive 45% and 35% of irra-
diance at 300V and 360V, respectively, when compared to Ny panels. If the irradiance
level goes under Shy, in any of the N1, panels, the corresponding converters will not per-
form the MPPT. In such case, Ipc will be equal to the Iypp of the PV panel illuminated

by the lowest irradiance level.

The selection of the optimal value of Vpc in a DMPPT system depends on several factors.
Indeed, the number of series-connected modules, the generation mismatch between PV
panels, as well as the physical voltage and current ratings of the DC/DC converters’
components strongly influence the DC bus voltage level that allows each converter to
work on its MPP. Depending on the mismatch level, the extraction of all the available
power is not always achievable and bypassing the modules processing the lowest power
in the string might be necessary, in order to maximize the overall PV generation. Vpc
plays an important role in this matter and it is one of the subjects of study in this

manuscript.

8.3.3 Efficiencies in photovoltaic systems

PV systems can be evaluated in terms of the efficiency at the different stages of the
conversion process. In this section, the efficiencies taken into account for the evaluation

of the system are defined.

8.3.3.1 Maximum Power Point Tracking efficiency

The MPPT efficiency evaluates the power losses due to the continuous MPP tracking. It
is classified in either static or dynamic MPPT efficiency [42]. The static MPPT efficiency
is the ability to track the MPP at constant irradiance and ambient temperature. The
dynamic MPPT efficiency takes into account the ability to track the MPP in case of

variable conditions. The MPPT is calculated as follows:

ST Voy (t) Ipy (t)dt
IMPPT = T
ST Pupp(t)dt

(8.12)
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where Vpy(t) and Ipy(t) are the instantaneous PV voltage and current, Pyipp(t) is the
maximum available power and T is the considered period of operation. In static condi-
tions, nvppT is averaged for the steady state period T where the MPPT is continuously

tracking the MPP and no other variations perturb the MPP operation.

A trapezoidal irradiance profile is normally used to evaluate the dynamic MPPT [42].

In the dynamic test, T is equivalent to the dynamic test period.

8.3.3.2 Converter efficiency

The converter efficiency is the ratio between the output power (Pp) and input power
(Piv) of the converter. In this case, Py corresponds to the power coming from the PV

source (Ppy):

Po

8.13
Ppy (8:13)

Tlconv =

8.3.3.3 CMPPT and DMPPT efficiency

This efficiencies are the ratio between the target power and the maximum available

power for each approach under mismatch conditions and are given at string level.

Ppc

> 8.14
P, available ( )

TIxMPPT =

8.3.3.4 Inverter efficiency

The inverter efficiency is determined by comparing its output power to its input power.

Thus, it considers the DC/AC conversion losses and it is given by:

Pac

8.15
Poc (8.15)

Thinv =

8.3.3.5 Total efficiency

The total efficiency of a system or the overall efficiency takes into account the conversion
losses for each conversion stage: nxvppr (includes nyppr from (8.12)), Neony, Minv and

yields:
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TABLE 8.2: Simulation parameters for the switching model

Converter parameters Value Simulation parameters Value
Inductance L 450 [pH]  Switching frequency fsw 25 [kHz]
Input capacitance Cj, 100 [uF] Input voltage range Vi, 0-38 [V]
Output capacitance Cyyt 1 [mF] Input current range Iy, 0-9 [A]
Max. source-to-drain voltage Vismax 100 [V]  Output load Ry, 33 [Q]
Capacitor ESR? 1 [mQ] PV voltage step AVpy 0.01 [V]
MOSFET resistance Ron 0.1 [©2] Diode resistance Rop 1 [mQ]
MOSFET int. diode resistance Rq 0.01 [©2] Diode forward voltage V¢ 0.8 [V]
NTotal = TIMPPT * Nconv * Minv (8.16)

Depending on the application, Ppc is equivalent to Pp or the sum of several Pps or

vas.

8.4 Averaged models

Averaged models reproducing the characteristics of DMPPT and CMPPT systems are
developed in the MATLAB-Simulink environment. Each model considers ideal at-
mospheric conditions accounting for irradiance variations, but keeping ambient and
cell temperatures constant. Each model contains N=6 PV panels BenQ GreenTriplex
PM245P00 260Wp (see Table 8.1). In the DMPPT model six boost DC/DC converters
are dedicated to individually control each PV panel, while the CMPPT one implements
a single scaled-up DC/DC converter accounting for the control of the whole PV string.
The parameters of the PV panels are used as input to the PV Array block provided

within the Simscape Power Systems library, consisting of a single-diode model.

The averaged models consider 1-D lookup tables (LUT) that contain the efficiency curve
of the DC/DC converter as a function of the input power. This efficiency curve has been
computed in a first simulation using a single-panel single-converter switching model. The
switching model adopts the simplified non-isolated boost converter (Fig. 8.4). Charac-
teristic parameters of the converter and additional simulation parameters are specified
in Table 8.2.

The converter in the switching model implements a conventional P&O control algorithm
in order to track the PV power, described in Fig. 8.1. The full irradiance range from
G=0W/m? to G=1000W /m? is applied to the converter, implementing increasing steps
of AG=50W/m?. Fig 8.5 shows the PV and output voltages (Vpy and V) and powers

2ESR: Equivalent series resistance.
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FIGURE 8.4: DC/DC boost converter considered in the switching model.
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FIGURE 8.5: Simulation results of the input and output voltage and powers used for
characterizing the efficiency curve of the converter.

(Ppy and P,) for the efficiency test. The MPP for each irradiance level is considered
to calculate the efficiency curve (Fig. 8.6). This method accurately models the char-
acteristics necessary for calculating total energy harvest, including input and output
voltage limits, current limits, and conversion efficiency. The switching model and the

code developed in the Matlab-Simulink environment can be found in Appendix B.

The central MPPT system architecture is represented in chapter 7, Fig. 7.1(a). The PV
panels are connected in series to the input of a grid-connected inverter. The analysis is
realised at the input of this inverter that is modelled with a 2-D LUT and takes into
account the efficiency and the operating voltage, with typical inverter efficiency curves
above 96% [85]. The conversion efficiency and the energy delivered into the grid will
depend on the selected inverter. This inverter tracks the power of the entire PV string.
Output voltages and currents for each PV panel are computed and next summed, giving

the total PV power of the string.
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FIGURE 8.6: Efficiency (%) vs. normalized input power (p.u.) curve of the DC/DC
converter adopted in the model.

The distributed MPPT system architecture is represented in chapter 7, Fig. 7.1(c). Each
PV panel is controlled by a dedicated DC/DC converter performing individual P&O
MPPT. Each PV power inputs one 1-D LUT that provides the output power. Each
output power is divided by the DC current to get the corresponding output voltage.
This voltage is fed into a controlled voltage source to simulate the behaviour of the
series-connected DC/DC converters. Both, CMPPT and DMPPT models can be found
in Appendix B.

8.5 CMPPT and DMPPT power vs. voltage curves

The characteristic CMPPT and DMPPT P-V curves under different irradiance condi-
tions are simulated using the models described in section 8.4. The irradiance mismatch
determines the Vpc belonging to the maximum performance of the CMPPT and DMPPT
systems. The CMPPT P-V curve shows different MPPs belonging to the different irra-
diance levels: Global MPP (GMPP) provides the maximum performance in the system
and LMPPs bring lower MPPs. The DMPPT P-V curve is characterized by maximum
power regions (MPR). Similar to the MPPs in the PV string, MPRs can be classified in
two types: Global MPR (GMPR) belonging to the maximum performance region in the
string and local MPR (LMPR) that corresponds to lower power regions.

In this section, the combination of PV panels under different irradiance illustrates the

influence of Vp¢ in the PV operation. Moreover, the matching of the Vpc operating point
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and the input voltage range of the inverter (Riny) is studied. Rin, plays an important

role in the performance of the system, as it establishes the Vpc operating range.

8.5.1 DMPPT Vpc operating range

The static analysis conducted in [61] allows to define a V¢ range where all the converters
track each PV panel’s MPP. Assuming that all PV panels” MPP voltage (Virpp) is the

same under any irradiance condition, Vpc can be expressed as:

N
Vbo = kVarpp Y o (8.17)
i=1

where «; is the « affecting the i-th PV panel. « is a number ranging from 0 to 1
proportional to the irradiance level. k is the voltage conversion ratio of the converter
associated to the most illuminated PV panel in the string (a=1). The amplitude and
position of the optimal Vp¢ range is provided by the maximum and minimum voltage
values that let all the PV panels work at their MPP [61]:

N

Vb max = KmaxVampp Z Q. (8.18)
i=1
. N

VDC,min = O:lm Vapp Z . (8.19)
ow i=1

where the maximum and minimum values of Vpc allowing for the MPP operation of
all the PV panels is reached at k=kmax and k=Fkpin/a1ow, respectively. ajoy represents
the lowest «; in the string. For boost-type converters, kuni, is equal to 1 and kpax
will depend on the desired maximum output voltage (V; max). In this case, it is set to
Vo,max=80V <Vys max (Table 8.2). This preliminary study assumes that each converter

includes the necessary protections to be consistent with this limit.

According to [61], the maximum avoidable mismatch problem corresponds to:

ko

Omin = km—“ (8.20)
max

Therefore, if ey in (8.19) is lower than amiy, VDC,min>VDC,max- In this work, this is

considered as an unavoidable mismatch, meaning that there is no Vpc able to extract

all the available power in the string.
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The combination of PV panels under a high irradiance level (Gy=1000W /m?) and three
different low irradiance levels (Gp,=800W/m?, Gr=500W/m? and G1,=200W/m?) is
used to show the dependency of GMPR Vp¢ to the irradiance mismatch. The different
G1,s are imposed from Ni,=1 to N1,=6 PV panels. Table 8.3 gathers Vpc max and Vb, min,
calculated using (8.18) and (8.19), respectively. Vb max=480V and Vpc min=187.2V if
all the PV panels are illuminated at Gu. Vbcmax>Vbo,min for any PV configuration
under Gr,=500W/m? and G,=800W/m2. On the contrary, for the mismatch case Gy
and GL,=200W /m?, Vb, min> VD, max and the mismatch is unavoidable using Vpc regu-
lation. If Vhc=VDc max, the converters of the G1, PV panels stop performing the MPPT.
Conversely, if Vpc=Vpc,min the converters of the Gy PV panels will reach dangerous
voltage levels above the ratings of the MOSFET and some of the components could be
damaged.

8.5.1.1 Vpc in case of unavoidable mismatch

The analysis about the best Vpc operating level in case of unavoidable mismatch requires
a different approach. Both GMPR and LMPR have to be re-evaluated taking into

account the different combination of Gy and Gt, PV panels. Indeed, at the GMPR, the

VGMPR and VGMPR .

Vbc range is defined between DC,min DC,max

V]S;(lj\f[nli’g( = NHVZ),max (821)
VDGCII\fInP;i% = NuVmpp (8.22)

where Vo max=FKmaxVmpp as in (8.18). The LMPP that can be observed at the LMPR

corresponds to a Vpg of:
VB = NuVomax + NLVASE - (8.23)

where Vﬁ%{g’ P—1V\ipp at G1,. Therefore, for any PV configuration at Gy and G1,=200W / m?,
the GMPR Vpc is calculated using (8.21) and (8.22) (Table 8.4). Above the maximum
voltage value in GMPR and up to NV, max, Vbc corresponds to the LMPR, with the
LMPP voltage V]%(l\;/[PP characterized by the sum of all the maximum output voltages of

the operational converters and the MPP voltages of the G, PV panels.

8.5.2 Maximum performance: GMPP and GMPR

Fig. 8.7 shows the P-V curves of CMPPT and DMPPT systems for Gy and G,=200W /m?,
Gy and G,=500W/ m?, Gy and GL=800W/ m?. The results are grouped with reference



Preliminary study on the viability of distributed MPPT systems 73

TABLE 8.3: DMPPT DC voltage ranges (in V) for different mismatch conditions en-
suring the MPP operation of all the PV panels in the string. Gg=1000W /m?.

PV config.  GpL=800W/m?  Gp=500W/m? G1L=200W /m?

NL NH VDC,min VDC,max VDC,min VDC,maX VDC,min VDC,max

226.2 464 343.2 440 811.2 416
218.4 448 312.0 400 686.4 352
210.6 432 280.8 360 561.6 288
202.8 416 249.6 320 436.8 224
195.0 400 218.4 280 312.0 160
185.4 480 180.4 480 171.3 480

S T e W N
S = N W ke Ot

TABLE 8.4: DMPPT DC voltage ranges (in V) at Gg=1000W /m?, Gr,=200W /m? for
different power levels.

PV config. GMPR LMPP

NL Nu  Vbomin VDOmax VEoEY

156 400 428.5
124.8 320 377.1
93.6 240 325.65
62.4 160 274.2
31.2 80 222.75
171.3 480 -

S O = W N =
S = N W ok Ot

to the mismatch level, so the different combinations of mismatched panels are super-
imposed. Additional results for other combinations of Gy and Gy, can be found in
Appendix B. Solid lines represent the P-V curves of the string of PV panels, showing
one GMPP and one LMPP. Dashed lines correspond to the P-V curves of the string of
converters, characterized by one GMPR and one LMPR.

Table 8.5 and Table 8.6 compare both DMPPT and CMPPT systems’ maximum per-
formance and efficiencies, respectively. At no mismatch conditions, a CMPPT efficiency
of nemppr=100 % is obtained. The DMPPT efficiency, affected by the power losses in
the converters, is npyvppT=94.55 %. The maximum CMPPT and DMPPT powers for
all the 6 PV panels at Gy are Poyppr=1561.3 W and Ppyppr=1476.0W, respectively.

For any PV configuration at Gy, GL=800W/m? and Gy, GL=500W/m?, the DMPPT
approach performs better than CMPPT. In the CMPPT system, due to the series con-
nection of the PV panels, G, PV panels affect the operating point of the Gy PV panels

and oblige them to move away from their MPP, negatively impacting on its performance.
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TABLE 8.5: Maximum performance (in W) of CMPPT and DMPPT systems at differ-
ent mismatch conditions. Gy=1000W /m?.

PV config. G1L=800W /m? GL=500W /m? GL=200W /m?

Ny,  Nu  Powepr Povmppr Pomppr Pomppr Pomppr Pomppr

) 1433.0 1375.8 1356.0 1301.1 1231.0 1301.1
1387.0  1338.7  1234.0 1040.9 984.40 1040.9
1338.0 13076 1112.0 830.33 738.30  780.67
1290.0 1280.2 983.30 800.98  492.10 520.45
1241.0 12554  866.20 773.91 374.30 297.25
1173.0 1232.6  715.10 748.69 273.10 282.61

cncn»boow»a‘
O~ N W

In the DMPPT system, each PV panel operates at its MPP. Note that, at strong irra-
diance mismatch (Gy, Gr,=200W /m?), the central solution shows higher efficiencies for

almost all the mismatch configurations between PV panels, except for Np,=5, Ny=1.

Maximum performance is not always possible. The main constraint is given by the Vpc
range allowed by the inverter. If the range is too narrow or the boundaries are not ade-
quate, the maximum performance may be affected. To illustrate this, the characteristics
of the Inv-2 are adopted (Chapter 3.3, Table 3.1). Among the single-phase inverters
available, Inv-2 has the lowest minimum input voltage requirement at Vpco min=160V
and Riyy=[160-600] V.

At Gy, GL=800W/m?, Ry, is compatible with the GMPP and GMPR for any PV
configuration. For the other mismatch conditions the CMPPT system cannot operate
at GMPP. For the combination of e.g. Np=2 and Ng=4 at Gy, GL=500W/m?, the
CMPPT system can extract a maximum power of Peyppr,mpp=862.88 W instead of
Pcevppr,ampp=1040.9 W (Table 8.5) and the efficiency drops from novppr,ampp=79.99%
(Table 8.6) to nomppT,LMPP=66.31%. The case at G1,=200W /m? is even more mean-
ingful, in which for the PV configuration of Ny, =1 and Ny=>5, the highest efficiency at
GMPP is nemppt,aMpp=96.51% vs. the one at LMPP novppr,pvmpp=27.27%.

DMPPT GMPR is within Ri,, boundaries at Gy, G,=500W /m?. At Gy, GL,=200W /m?,
it can only operate at LMPR for the PV configurations Np=5, Ny=1 and Np=4,
Nyi=2. For the DMPPT system, the biggest efficiency difference operating at GMPR
and LMPR is found at GL:200VV/m2 with the PV configuration N;,=4 and Nyg=2
(mbmppT,aMPrR=69.42% vs. npmppT,LMPrR=04.77%). For the majority of the cases, the
efficiency in DMPPT system is kept above 90%.

Fig. 8.8 shows two cases with randomly chosen PV mismatch configuration of three dif-

ferent irradiance levels. The matching with the admissible input DC voltage of Inv-2 is
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FIGURE 8.7: Matching DMPPT and CMPPT P-V curves with Vpc min-2=160V of Inv-

2 for the different PV panel mismatch configurations: Np=0 and Ny,=6 (deep-red),

Ny=1 and Ni,=5 (light-blue), Np=2 and Np,=4 (green), Ngy=N1 =3 (purple), Ny=4
and Np,=2 (yellow), Ng=>5 and Np,=1 (orange), Ngy=6 and N;,=0 (dark-blue).
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TABLE 8.6: CMPPT and DMPPT efficiencies (in %) corresponding to the maximum
performance.

PV config. GL=800W/m?  GpL=500W/m? G1L=200W /m?

Ny, Nu T"DMPPT T7ICMPPT 7JDMPPT T7/ICMPPT 7JDMPPT T7T/ICMPPT

94.55 100 94.55 100 94.55 100
94.95 91.16 94.75 90.92 91.31 96.51
95.18 91.86 94.84 79.99 86.72 91.7
95.22 93.05 94.96 70.91 80.08 84.67
95.34 94.62 95.05 76.96 69.42 73.42
95.39 96.5 95.11 84.98 70.26 55.8
95.13 100 95.51 100 95.56 100

S O s W NN~ O
S = N W ke ot O

also shown. For the first case in Fig. 8.8(a) the CMPPT system is able to operate only at
the lowest LMPP, with an efficiency of nemppr,Lvpp-1= 51.8%. In the second case in Fig.
8.8(b), the CMPPT system performs at a LMPP with an efficiency of ncmppt,LMPP-2=
44.66%. The operating voltage range in the DMPPT system allows the maximum per-

formance with an efﬁciency of TIDMPPT,GMPR-1= 84.48% and TIDMPPT,GMPR-2=— 80.81%.

8.6 CMPPT and DMPPT systems full-day performance

8.6.1 Irradiance profiles

Three different irradiance profiles®are used as input for the averaged models: a sunny
day, a day with scattered clouds and a cloudy day (Fig. 8.9). In addition to the weather-
dependent evolution of the irradiance profiles, static shading is applied to some of the

PV panels in the simulations.

8.6.2 Simulation results

Two different scenarios are considered for each irradiance condition: (i) All the six panels
operate under non-shaded uniform conditions and (ii) three panels out of six operate
under a 50% static shading condition. For the latter scenario, the P-V curve in the
CMPPT approach will show two maxima, one corresponding to the MPP voltage for
the three unshaded PV panels and the other corresponding to the sum of all the PV
voltages with the PV panels operating at the current imposed by the shaded panels (see

3Trradiance data provided by GreenWatch SA, taken in Aubange, Belgium on the 03/07/2014 (sunny),
04/09/2015 (mixed) and 29/10/2014 (cloudy)
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FIGURE 8.8: Matching of the inverter input voltage with DMPPT and CMPPT P-V
curves.

Fig. 8.7(b)). The maximum performance of the system is considered. For the DMPPT
approach, a fixed DC bus voltage of Vpc=300V is imposed allowing all the PV panels
to perform at their own MPP.

The results show the global output power during the whole day. For each irradiance pro-
file (sunny, scattered clouds and cloudy) four cases are presented: DMPPT and CMPPT
systems, each performing with and without static shading. The energy extracted for each

case is computed using:
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FI1GURE 8.9: Irradiation profiles considered: sunny, scattered clouds, cloudy.

TABLE 8.7: DMPPT and CMPPT systems output energy (in kWh) under the proposed
1 day irradiance profiles and shading conditions.

Sunny Scattered Cloudy

no shade shaded no shade shaded no shade shaded

DMPPT  11.46 8.00 4.67 3.18 0.905 0.56
CMPPT  12.13 6.23 4.91 2.58 0.984 0.52

TABLE 8.8: Overall efficiencies of DMPPT and CMPPT systems (in %) under the
proposed irradiance profiles and shading conditions

Sunny Scattered clouds Cloudy

no shade shaded no shade shaded no shade shaded

DMPPT 94.5 95 95.1 94.3 91.9 89.3
CMPPT 100 74.4 100 76.5 100 82.5

to
Epc = Ppcdt (8.24)
t1

where Epc is the extracted energy at each string, and ¢; and to are the starting and end

time of the considered time interval.

Fig. 8.10 shows the evolution of output powers for the different profiles considered
in this study. For all three weather conditions, the efficiency gain under mismatched
generating conditions is bigger if the DMPPT system is adopted, with npypp1=95 % vs.
nomppr="74.4 % for a sunny day with static shading blocking the 50% of the irradiance

in three out of six PV panels. Furthermore, npyppr is always above 89%.
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F1GURE 8.10: PV array output powers for DMPPT and CMPPT systems correspond-

ing to each irradiance profile.
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8.7 Discussion of results

Under strong mismatch conditions, CMPPT systems find their global MPP at a low
voltage, which may not be sufficient to fulfil the operation requirements for certain PV
applications. Indeed, the grid-connected systems adopting the inverters in chapter 3.3
do not operate below a certain DC voltage level, even when equipped with a boosting
DC/DC stage. If a high DC-bus voltage is required, the contribution of all the PV
panels in the string may be necessary and CMPPT systems may be forced to work at
suboptimal operating conditions. As the PV panels of the CMPPT system share the
same output current, shaded panels impose a current limit, affecting the operating point

of the non-shaded ones.

In the absence of mismatch between PV panels, adopting the DMPPT system is not
justified as no meaningful energy gain exists. Furthermore, the implementation of the
converters at string level adds efficiency losses. In the design of a PV installation,
an analysis of static shading affecting the panels may help deciding which panels are

interesting to optimize through the implementation of module-level DC/DC converters.

Atmospheric conditions, number of PV panels in the string, mismatch level between
PV panels, number of PV panels and their associated converters under each different
irradiance level, conversion gain limitations of the DC/DC stage at the PV panel level,
and the DC-bus voltage level affect the performance of DMPPT systems. In general, the
adoption of a larger number of PV panels and converters will improve the performance of
the system. The mismatch affecting a single PV panel will influence to a lower extent the
distribution of the DC-bus voltage and, therefore the distribution of the voltage at the
output terminals of the converters controlling the PV panels at higher irradiance levels.
The voltage stress for the DC/DC converters components in parallel to the output will

definitely be reduced.

The voltage level at which the system can get its maximum performance depends on the
mismatch conditions. Adopting a constant DC-bus voltage often implies a suboptimal
operation of DMPPT systems. The control over the DC-bus voltage can improve the
performance of the system. The coordination of the DMPPT function together with
a central function that tracks the voltage operating point of the entire string can help

solving this situation, improving the overall performance of the system.



Chapter 9

Centralized control strategy in
DMPPT systems

This chapter proposes a new control algorithm that improves the performance of DMPPT
systems. The classical DMPPT approach adopts distributed DC/DC power electronics
and control without any centralized action, which makes it difficult to know whether the
system is working in its optimal operating point or not. Normally, the inverter keeps
the Vpc constant. This leads to poor system performance when the PV panels operate
under non-homogeneous irradiance conditions. If CMPPT at the DC-bus is performed
in addition to the control of the distributed converters, the PV generation could con-
siderably increase and achieve system performance optimization. However, the effective
implementation of the DMPPT and CMPPT functions requires coordination between
them.

The new control algorithm proposed in this chapter utilizes the sequential operation of
the multi-variable perturb & observe logic to match DMPPT and CMPPT functions.
Moreover, it also acts on the control sequence in presence of varying irradiance condi-
tions, improving the dynamic performance of the system and reducing voltage stresses
at the DC/DC converters’ output terminals. The effectiveness of the proposed approach
is demonstrated using a complete test-bench. The DMPPT system used for the vali-
dation of the proposed approach is described first. The output power of the DMPPT
system is analysed at different Vpc values and compared to the performance of the clas-
sical CMPPT system. Then, the centralized control is introduced. The coordination
of the DMPPT and CMPPT functions is explained and a method to avoid dangerous
output voltage differences is provided. Simulation and experimental results validate the

proposed approach showing improved dynamic performance and system stability.

81
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TABLE 9.1: Characteristic parameters at STC of the BenQ GreenTriplex PM245P00

260Wp.
Electrical characteristics Value
Short-circuit current Isc 8.83 [A]
Open-circuit voltage Voc 37.7 [V]
MPP current Iypp 8.34 [A]
MPP voltage Vyrpp 31.2

V]
Temperature coefficient of Isc (o)  0.065 [%/°C]
Temperature coefficient of Voc (ay) -80 [mV/°C]
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(a) Central MPPT architecture. (b) DC power optimizer system. Series connection.

FIGURE 9.1: Central and distributed MPPT approaches for PV systems.

Part of this work is under review for future publication in IEEE Transactions on Sus-

tainable Energy [86].

9.1 System description

The PV system adopts the DMPPT architecture in Fig. 9.1(b). The series-connected
modules are each composed of a PV panel and a DC/DC converter, as in chapter 8. A
small portion of the full-sized system of N=3 modules is considered for both simulation
and experimental analysis. Each of the three modules contains a BenQ GreenTriplex
PM245P00 260Wp poly-crystalline PV panel with the characteristic parameters listed
in Table 9.1. The DC/DC converter topology is described hereafter.
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TABLE 9.2: General parameters of the interleaved boost-3PC.

General parameters Value
Inductance Li,Lo 450 [pH]
Input capacitance Ciy, 100 [uF]

Output capacitance Coyy 1 [mF]
Max. Vgs voltage Vismax 100 [V]
Switching frequency fsw 50 [kHz]

9.1.1 Non-isolated interleaved boost-3PC

The DC/DC converters have the non-isolated interleaved boost three-port converter
(3PC) topology [87] (Fig. 9.2). It has a reduced number of components and provides the
functionality of three classical non-isolated boost converters. In addition to controlling
individual PV panels, each converter includes module-level electrical storage. In this
converter the power can flow from: PV to output, PV to battery, and battery to output
via a single power conversion path. For the correct operation of this converter, the output
voltage V; has to be higher than the battery voltage V}, and, similarly, the battery voltage
has to be higher than the PV voltage (V,>V;,>Vpy). The minimum V}, is always above
Vpvy to fulfil the aforementioned inequality and avoid problems in the converter. In any
case, if the battery is at low charging level, the switch S5 will be disabled. If the battery
is not considered, the output voltage is simply above the PV voltage (Vo>Vpy). The
PV and battery controls are implemented separately. This provides high flexibility to
the system, allowing the user to decide on the available power sources. The parameters

of the converter are gathered in Table 9.2.
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FIGURE 9.2: Interleaved boost-3PC topology. The branches in red are the interleaving
power transfer path [87].
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9.1.1.1 Averaged model

An averaging time-window width equal to the switching period of the switches is applied
to the detailed model of the interleaved boost-3PC [87]. The averaged model is obtained

with the following equations:

Li—— = —rpidiy + (1 — d3)Vev + d3Vi, — (1 — dy — d2)V, — daVh, (9.1)

where I1,; is the average value of the current through the inductor L, and d; to dz the
duty cycles corresponding to switches S1 to S3. The equation of the interleaved branch

is:

dI ! / /
LQ% = —T‘LQILQ + (1 — dg)VpV =+ d3Vb — (1 — dl — d2)V0 — dQVb (9.2)

where I1o is the average value of the current through the inductor Ly, and d,1 and d/2
are the duty cycles corresponding to switches Sll and Sé. We can obtain the following

average currents selecting the necessary duty cycles:

Ipy = (1 — dg)(ILl -+ ILQ) (93)
Iy — Icp = (ds — do)I1q + (ds — dy)I1o (9.4)
Tcou = (1 —dy — do) g + (1 — dy — dy) 1o — I, (9.5)

In this chapter the batteries are not used and only the PV-to-output operation is consid-
ered. Thus, the interleaved boost-3PC operates as a conventional boost converter with
two interleaved branches. Switches S3, Sy and S, are in OFF state. Switches S; and
Si operate at half the switching frequency (fsw), including a phase shift of 180°between
the pulse-width modulation (PWM) carriers of each switch [87]. Compared to the pre-
liminary study in section 8 a more detailed analysis of the PV-to-output operation can
be made using this averaged model. The LUT in section 8 accounts for the efficiency
curve of the converters, without any detail on the implementation of the P&O con-
trol algorithm or the dynamics of the system. The averaged model described using
(9.1)-(9.5) can be used with larger time steps than the switching model, and reduce the
required simulation time and it is accurate enough for controller design and system-level

simulation.
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9.2 Comparison of DMPPT and CMPPT systems

9.2.1 Simulation results

The simulations are carried out in the MATLAB-Simulink environment. The CMPPT
system model includes a string of N=3 series-connected PV panels with the character-
istics of Table 9.1. In practice, each PV panel includes three bypass diodes to bypass a
third part of the panel in case of uneven shading. However, the model only considers
one bypass diode per panel. This approach do not affect the results of this work, as
uniform shading and homogeneous irradiance variations are considered. The PV string
is connected to an inverter modeled with a DC-link of Cpc=300 uF and a controlled
current source block. A P&O algorithm controls the inverter. The Vpa step is AVpc=1
V. The time interval between two consecutive MPPT sampling instants is set to At=1s.
The averaged model described in section 9.1.1.1 is used for the DMPPT system convert-
ers. Each converter is individually controlled by independent P&O control algorithms.
The control of the individual converters is performed simultaneously. The Vpy step is
AVpy=0.4 V. The string of modules (PV panel+DC/DC converter) is connected to an

inverter providing a constant Vpc.

The CMPPT system comprises PV panels 1 (PV1), 2 (PV2), and 3 (PV3). Fig. 9.3
shows the performance of the CMPPT system at homogeneous and non-homogeneous
irradiance conditions. The simulations follow the predetermined irradiance profile in the
top plot of the figure. A constant irradiance of Go=G3=600 W/m? is imposed to PV2
and PV3 during the whole simulation. PV1 is subjected to an irradiance profile that
becomes different at t=21 s from G1=600 W/m? and goes down to G1=300 W /m?.

Starting from the top, the second plot in Fig. 9.3 shows the PV voltages (Vpys) when the
system performs at local MPP (LMPP) after the irradiance change. To track the MPP
and maintain the required Vpc, the inverter pulls DC current (Ipc) from the string of
series-connected PV panels. PV1 is the less illuminated panel thus PV1 current limits
the maximum Ipc. PV1 operates around its MPP, while PV2 and PV3 operate at a
higher Vpy, in the right side of their P-V curve. This side is characterised by a sharp
slope, with a large PV power increment (APpy) with respect to the Vpy derivative
AVpy (APpy/AVpy). To obtain the same APpy, variations in Vpyy and Vpys are
small (Vpvar,Vpvs 1), while Vpyi needs to perform large changes (Vpyip). Middle
plot shows the system performing at GMPP. Vpc is shifted right after the irradiance
variation, bypassing PV1. Thus, PV2 and PV3 perform around their MPP. GMPP and
LMPP are compared in the fourth plot starting from the top, Ppyi.3,¢=310.1 W vs.
Ppy1-31,=260 W) and the corresponding Vpcs are shown in bottom plot (Vpci-3.¢ and

Vbci-3,L, respectively).
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FiGURE 9.3: Performance of the CMPPT approach under homogeneous and non-
homogeneous irradiance conditions.

The DMPPT system comprises PV panels 4 (PV4), 5 (PV5), and 6 (PV6). Simulation
results under homogeneous and non-homogeneous irradiance conditions can be observed
in Fig. 9.4. PV5 and PV6 are subjected to a constant irradiance of G5=Gg=600
W/m? and PV panel 4 (PV4) to an irradiance profile that becomes different at t=16
s from G4=600 W/m? and goes down to G4=300 W/m?. The mismatch condition
is extended for a longer period, to observe its performance at different Vpco values
(bottom plot, Vpc.1=120 V, Vpc.o=140 V, Vpc.3=160 V, Vpc.4=180 V).

Vpv and Vpe set-points are changed simultaneously. This test intends to show the
influence of different Vpc values on the DMPPT performance. The coordination of the

different controls is addressed later.

For Vpc<Vpc.3, converter 4 does not perform MPPT and Ipc passes through PV4. As
a consequence of the voltage drop in the diodes of converter 4, its output voltage (Vo4)
is lower than PV4 voltage (Vpyy) (see Fig. 9.2). On the contrary, if Vpo>Vpc.s, all the
PV panels work at their MPP (Third plot starting from the top, Ppy4.6=389.9 W).

The total output powers obtained at the different Vpc values are: Ppcyg=317.3 W
at Vpc=120 V, Ppcs6=368.7 W at Vpc=140 V, Ppcs=371.4 W at Vpc=160 V,
Ppcas=371.9 W at Vpc=180 V. Computing the energy for DMPPT in ¢t=[70, 120]
s time interval, the DMPPT efficiency obtained is npyppr= 95.38 %. The maximum
CMPPT efficiency is nomppr=79.53 % (t=[40, 60] s time interval).
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FIGURE 9.4: Performance of the DMPPT approach under homogeneous irradiance
conditions at Vpc1=120V and non-homogeneous irradiance conditions at 4 different
Vbes. At t=16 s G changes from 600 W/m? to 300 W/m?, Go=G3=600 W /m?.

9.2.2 Experimental results

The experimental results have been carried out on a laboratory test-bench, shown in Fig.
9.5. For the CMPPT system, a controllable 2-quadrant power supply serves as central
inverter. The power supply is controlled by the supervisory control through serial com-
munication. For the DMPPT system, the string of modules is connected to a 1-quadrant
voltage source with a constant Vpc and a resistive load in parallel. Each module con-
tains an embedded control implementing the MPPT. The selected control card contains
a TMS320F28069M DSP from Texas Instruments. Each DSP is controlled by the su-
pervisory control through CAN bus communication, and the 1-quadrant power supply
voltage is set manually. The data is logged using a LabVIEW-based fully-independent
data-acquisition system, that comprises the following components: a NI ¢cDAQ-9178
base, four NI 9233 cards and a NI 9205 card. The voltage and current transducers
attached to it are the CV 3-1000 and LA 55-P respectively, both from LEM. The sam-
pling frequency is 2kHz and each recorded point is obtained from the averaging of 500

samples, giving an effective (and filtered) data logging at 4Hz frequency.

The test is carried out in a morning thus the irradiance shows a slowly increasing value
of around G=600 W/m?2. For each system of three PV panels, 1 PV panel out of three
is partly covered to obtain a mismatch situation. Note that each PV panel has three
bypass diodes connected in anti-parallel to a subgroup of PV cells. Each subgroup is
formed by the third part of the cells in the PV panel. When a subgroup is affected

by a shade, the corresponding bypass diode conducts and causes a voltage drop. To
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FIGURE 9.5: Experimental setup including a PC for supervisory control (1), 6 DC/DC

converters (2), rooftop PV installation (3), 2Q power supply (4), current and voltage

sensors for the data acquisition system (5), the data acquisition system (6) and a PC
for data-acquisition (7).

avoid the voltage drop and obtain a homogeneous irradiance mismatch in the PV panel,
each subgroup of PV cells is equally covered as in Fig. 9.6. This way, a static shade
of Sh ~50% is imposed on PV1 and PV4, and the operating conditions considered in
simulations (sec. 9.2.1) are reproduced.The CMPPT system starts from the PV string
Voc and tracks the LMPP until ¢ ~500 s. It can be observed that Vpyy is subjected
to larger variations than Vpyo and Vpys, as a consequence of the mismatch between
panels as previously explained in the simulations section 9.2.1. A voltage sweep tracks
for a higher MPP and finds the GMPP at Vpc1.3=49 V. PV1 is bypassed and CMPPT
performs the MPPT at this GMPP for the rest of the test.

The DMPPT system starts performing at Vpcsg=110 V. The same voltages as in the
simulation are manually set to the 1Q power supply (120 V, 140 V, 160 V, 180 V).
For Vpca6>160 V, the DMPPT system is considered to be operating at its GMPR.
The energy yield of both systems is computed for [1403, 1990] s time interval. The
maximum available energy in the PV string is Epyv4.=987.84 Wh. The power losses
associated to the DC/DC conversion stage yield a DMPPT efficiency of npyppr= 89.37
%. Thus, the effective energy yield of the DMPPT system is Fpcs.=882.81 Wh. The
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FIGURE 9.6: PV1 to PV6 from left to right - Sh ~50% static shade on PV1 and PV4.

CMPPT system obtains an energy yield of Fpy1.3=801.6 Wh and results in a CMPPT
efficiency of ncyvppr=81.15 %. Note that the npyppr obtained in the experiments is
lower compared to the one in the simulations. The averaged model used in simulations

only considers conduction losses. In reality switching losses occur as well.

9.2.2.1 Discussion of results

If the mismatch between PV panels is considerable, the DMPPT approach demonstrates
a superior performance compared to the traditional one. Under static mismatch condi-
tions, the energy yield obtained in the DMPPT system is higher than the PV energy
yield in the CMPPT system. This is a great advantage with regard to the classical
arrangement in PV installations. The adoption of the distributed architecture in tra-
ditional PV installations may require only the inclusion of an additional DC/DC stage
between the affected PV panel and the central DC/DC power electronics. Especially
in BIPV applications, where static shades due to surrounding obstacles are sometimes
unavoidable. The already existing inverter can be used, without the need to replace it,
thus facilitating the integration of the distributed electronics. This is valid only if the
voltage at the input of the inverter is properly controlled. A fixed Vpc implies a poor

performance of the system if the generating conditions between PV-level converters are
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FicUrRe 9.7: Experimental results of the DMPPT and CMPPT systems under mis-

match conditions. The CMPPT system operates at LMPP before, and at GMPP after,

t=500 s (Ppy1.3). The DMPPT system operates at LMPR for Vpcy.6<140 V, at GMPR
for Vpcag>140 V.

different. This implies the use of different control functionalities in the operation of the

PV system, discussed hereafter.

9.3 Coordination of Distributed and Central MPPT

Early research activities in DMPPT systems [60, 70-73, 88-90] were focused on inde-
pendent DC/DC converters with an individual single-variable (SV) MPPT control, not
interacting with each other. These approaches perform the MPPT at PV-panel level,
without any view of a possible global optimal operating condition at the overall sys-
tem level. A tentative approach presented in literature proposes the centralized control
of distributed DC/DC power electronics using a single current sensor at the DC-bus
[91, 92]. In [91] the Multi-Variable P&O Cartesian (MVPOC) algorithm is based on the
sequential perturbation of the control variable of each DC/DC converter in the string,
the control variable being the duty cycle or a reference voltage acting in the closed-
loop control of the DC/DC converter. The aim is to maximize the overall power at the
DC-bus. The authors in [92] act on the polar coordinates of these control variables, intro-
ducing the Multi-Variable P&O vectorial (MVPOV) control. Differently from MVPOC,
where only one control variable is perturbed at each perturbation time step, MVPOV
perturbs all the control variables at the same time, so that the MPPT promptness with

respect to irradiance changes is improved.
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The aforementioned approaches assume that the DC-bus voltage is kept at a constant
value by the inverter. This assumption is a limitation to the global power harvested and
injected into the DC-bus, as demonstrated in section 9.2.1. Actually, a fixed Vpc means a
fixed sum of the DC/DC converters’ output voltages. The output voltage of each DC/DC
converter depends on the power transferred to its output, so that an irradiance mismatch
affecting the PV sources turns into differences in the DC/DC converter output voltages.
A large irradiance mismatch between converters may lead to dangerous overvoltage in
the modules presenting greater output powers, damaging some of the DC/DC converters’
components (e.g. MOSFETSs and capacitors in parallel to the output). Thus, reduced

tracking time improves the system reliability.

An additional MPPT control on the DC input voltage of the inverter, working indepen-
dently of the DC/DC MPPT ones, might improve the power processing capabilities of
the converters [75, 93]. Even then, this central MPPT control (CMPPT) may drive the
DC-bus voltage far from the range wherein the inverter transfers the maximum amount
of energy to the grid. This could deteriorate the overall efficiency. These issues were
envisaged in [94], by evidencing the unsuccessful MPPT of some PV sources when the
mismatch between them is significant. The authors in [61, 95] demonstrate that all the
PV sources operate at their own MPPs if Vp¢ is operating inside a precise range. The
analysis in [62] suggests the need for a strategy that couples both the DMPPT function
and the control of the DC-bus voltage if the optimal operation of the whole system is

pursued.

Reliable communication between controllers implementing SV control is crucial for the
coordination between DMPPT and CMPPT functions, a fact that cannot always be
guaranteed. In contrast, multi-variable algorithms naturally provide the advantage of a
coordinated operation. In this work, the MVPOV algorithm presented in [92] has been
extended, accounting for the control of the DC-bus voltage and proposing a hybrid multi-
variable (H-MV) control that matches CMPPT and DMPPT functions. The proposed
approach achieves a superior coordination that benefits from the sequential execution
that multi-variable algorithms provide without additional control routines, reducing its

complexity.

On the other hand, the dynamic performance in DMPPT systems, i.e. MVPOC and
MVPOV, has not been analyzed in depth until now. For instance, under rising irra-
diance, multi-variable algorithms may perform an incorrect MPPT. Indeed, due to the
increase of the output power due to the irradiance level rise, both the MVPOC and
the MVPOV methods should continue tracking the same variable in the multi-variable
sequence by keeping the others at the initial value. This leads the PV system far from
the absolute MPP, leading to a poor dynamic MPPT performance. In order to solve
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F1GURE 9.8: DMPPT architecture of the grid-connected PV system.

this issue, the proposed control modifies the multi-variable MPPT sequence according

to the irradiance conditions.

9.3.1 Hybrid Multi-Variable P&O control

This section proposes a novel method to coordinate DMPPT and CMPPT functions. It
exploits the advantage the multi-variable operation provides by including the control of

Vbc into both Cartesian and vectorial multi-variable operating sequences.

For a system with N=3 modules, MVPOC adopts the following form: {Vpyi, Vpva,
Vpvs, Vbc} where Vpy, is the PV voltage corresponding to the module z. The voltage
references in this sequence are independent from each other. On the other hand, MVPOV
implements the multi-variable P&O logic to the polar coordinates of the PV voltages
(Fig. 9.9), expressed as:

Vevi = [Vee| - sin 6 - sin Oy (9.6)
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FIGURE 9.9: Operating point description in spherical coordinates of the vectorial ap-
proach for a system with N = 3 PV modules.

Vpva = |Vec| - cos b - sin 6 (9.7)

Vpvs = [Vee| - cos by (9.8)

where the vector magnitude |Ve|

[Veel = \/ng1 + Vive + Vs (9.9)

and the angles #; and 0, substitute Vpy1, Vpye and Vpys as control variables. Therefore,
the control sequence becomes: {|Vec|, 01, 02, Vbc}. Any change in the magnitude of |Ve|
generates a simultaneous change for each PV voltage. Any change in 6 or 65 changes
the PV voltage vector. We can find the vectorial variables by recombining the equations

above. Combining (9.6) and (9.7), we obtain:

wc| - sin 0y - sin 0 Vi
Vevy _ Weo| sinby-siny oy Vovs (9.10)

Vova  [Vee| - cos By - sin by Vpva

and 67 results in:

0, = arctan (VPV1> (9.11)
Veva
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Combining (9.7), (9.8) and (9.11), we obtain:

we| - cosfy -sin @
Vove _ [Veol rcosth sinfly 0, — Vev2 (9.12)
Vpvs |Vecl - cos Og ( (va1>>
Vpys - cos | arctan
PV2
and 6y results in:
v
0 = arctan L (9.13)
Vpvs - cos | arctan <VPV1>
Vpye
|Vee| is also obtained from (9.8):
Vpvs
Vee| = 9.14
Vel = 0 (9.14)

The multi-variable approach can be extended to an N-dimensional space. In a general

form, PV voltages in spherical coordinates are defined by:

N—-1
Voyi = |Vee| - cosf;_yy - [ ] sinb; (9.15)

j=i

where i € [1, N], taking into account that 6y=0 (for i=1).

9.3.1.1 Initial conditions

We assume that all PV voltages have the same value (Vpyvi=Vpyvo=Vpy3=Vpy). From
(9.11) we obtain the value of the initial 6;:

O1.mit = 0.7854 rad = 45° (9.16)
and from (9.13) the initial 0y is:
O3 inie = 0.9553 rad = 54.73° (9.17)

Before any of the modules is operating, the PV panels are at their open-circuit voltage
(Vpv=Voc). Using (9.14) or (9.9) the initial value of |Vec| is:
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FIGURE 9.10: Steady state operation of DMPPT and CMPPT techniques in a cen-

tralized control. MVPOC technique in top plot shows the sequential perturbation of

the PV voltages. MVPOV technique PV voltages illustrated in Fig. 9.9 are shown in

bottom plot. Middle plot shows the tracking of Vpc included in each multi-variable
P& O sequence.

‘V:ec|init - \/§VOC (918)

According to Table 8.1, |Vec|init=65.298V and its MPP value at STC |Vec|mpp,sTc=54V.

Simulation results in Fig. 9.10 show the steady state behavior of the system for both
algorithms. For the MVPOV, the multi-variable P&O is applied to the vectorial variables
[Vee|, 01 and 62, and the PV voltages change according to (9.6), (9.7) and (9.8).

9.3.2 Dynamic response in MV-P&O control algorithms

The dynamic response presents additional challenges. Fig. 9.11 illustrates P&O algo-
rithms’ PV voltage deviation for a change in power due to an irradiance variation G (in
W /m?/s) (APg) higher than the change in power due to the voltage perturbation step
AVpy (APy) : instead of performing the classical three-point-behaviour in steady state
(sequence A-B-C and backwards), the P&O algorithm continuously modifies the control
variable in the same direction as long as the power increases (sequence A-B-C’-D-E) and
changes the direction, climbing towards the MPP once the irradiance is constant again
(sequence E-D-F-G-H). This might not be a significant issue if all the individual P&O
controllers are synchronized, as all PV and output voltages will deviate similarly. In
the case of multi-variable P&O algorithms, the sequential control may cause deviations

between PV voltages.
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80 100 120

9.3.2.1 MVPOC dynamic response

MVPOC controls the PV voltages sequentially. Under rising irradiance (top plot), if
APg>APgz, MVPOC will continuously modify the Vpy evaluated at the instant the
irradiance rise G occurs and as long as GZ0W/m?/s. Fig. 9.12 shows this effect. At
time ¢, G‘zl()VV/m2 /s. Initially, few additional steps of Vpys and Vpys that deviate
from the P&O steady state three-point behaviour compensate the power rise (bottom
plot). For higher irradiance levels, the implemented AVpy is not enough to ensure
a correct MPPT. This denotes different APpy/AVpy of the P-V curve for different

irradiance levels. As a consequence, MVPOC keeps tracking Vpy; until G=0W /m? /s

96
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FIGURE 9.13: MVPOV dynamic response. Top to bottom: Irradiance profile, vectorial
variables, PV voltages.

again. This voltage deviation strongly affects the PV generation and the output voltage

in the corresponding converter.

9.3.2.2 MVPOV dynamic response

MVPOV controls sequentially the vector Vo, and the angles 61 and 6. As stated before,
these variables represent the PV voltages in the polar spherical coordinates. Fig. 9.13
shows in detail the evolution of these vectorial variables (middle plot) and the simul-
taneous change of the PV voltages (bottom plot) for each change. This simultaneity
improves the MPPT promptness. However, MVPOV still shows some voltage varia-
tions. Similar to MVPOC, this approach continuously tracks the same variable until the

output power is lower than the previously evaluated one.

9.3.2.3 H-MYV dynamic response

To overcome this problem, the novel H-MV solution derived from the MVPOYV is in-
troduced. Apart from coordinating the distributed and centralized MPPT functions,
H-MYV control manages the timing of the control variables depending on the irradiance
variation speed. The new approach is fully represented in the flowchart of Fig. 9.14
and explained hereafter. The initial values of the vectorial variables are set consider-
ing each PV panel’s Voc. The total power generated in the DC/DC converters string
Ppc is also measured. Vpc is set to a value above the sum of the PV voltages. For
a correct initialization, H-MV starts setting a negative step to |Vec| to ensure that PV

voltages move towards their MPP value. The irradiance variation derives from the power
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variation between two consecutive sampling instances, with an additional power mea-
surement at the DC-bus, as in [96]. This power variation is calculated as illustrated in
Fig. 9.15, where AP;=PF;1-Fx indicating the increment or decrement of power due to
the k-th PV voltage perturbation and APo=PF; - Py indicating the power variation due
to a possible external perturbation (e.g. irradiance variation) where no new PV voltage
reference has been set by the control. Then, the difference between them is computed:
AP=AP-AP,.

e If AP=0, the system is in steady-state irradiance condition (G:O) and the control
operates as a vectorial MPPT including the DC-bus voltage control, (as in Fig.
9.10). If AP;<0, the variable index is updated to j=j+1 as long as j<N. If j>N
the sequence restarts, setting j=1. The sign of the tracking direction of each

variable’s previous operation is held (s;(k)=s;j(k-1)) and used in the next iteration.

o If AP=0 the irradiance is changing (G;é()), the control sets the variable index j=1
and operates by perturbing only the variable |Vi|, setting all PV voltages at a

time.

At each sampling instance, the irradiance level G equivalent to the power P can be

evaluated as follows:

G = 1kW/m? -

P
- (9.19)

@G=1kW/m?

and the irradiance variation G is calculated substituting P for AP in (9.19).

First, the vectorial variables are analysed and Vpc is not included in the control. Thus,
the control sequence is as follows: Vec,01,02. Once the irradiance rises after time t (top
plot), HMV detects a power increase and acts on the control sequence. It blocks #; and
02, modifying only the reference of Ve, as it can be appreciated in the second plot of
Fig 9.16. The PV voltages (bottom plot) follow simultaneously the same profile as Ve,
as described previously in Fig. 9.9. Thanks to this low deviation between PV voltages,

voltage stresses at the DC/DC converters’ output terminals are reduced.

9.3.3 Simulation results

The simulations are carried out in the MATLAB-Simulink environment using an aver-
aged model of the DC/DC converters [97]. The settling time of the PV voltage loop
is 0.5s. In order to ensure a correct measurement after the system reaches the steady

state condition, the time interval between the sampling instance k¥ and the additional
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FIGURE 9.14: Flowchart of the proposed H-MV control algorithm.
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F1GURE 9.16: HMV dynamic response. Top to bottom: Irradiance profile, vectorial
variables, PV voltages.

measurement Py is set to 1s. Therefore, the total time interval between two consecutive
MPPT sampling instants is equal to At=2s. The PV voltage step for each module is set
to AVpy=0.4V, i.e. large enough to avoid measurement errors. The DC-bus voltage step
is chosen to be AVpc=1V, and Vp¢ limited to [120, 180] V range to avoid overvoltage

at the converters’ output terminals.

9.3.3.1 Vpc control

In order to show the effectiveness of the Vpc control, the following assumption is consid-
ered: initially, PV1 is in a mismatch situation in relation with PV2 and PV3. The
irradiance affecting PV1 is GL=200 W/m? while PV2 and PV3 are illuminated by
Gy=1000 W/m?. The P-V curve is represented in solid blue in Fig. 9.17(a). First,
the system is operating in its GMPR at Vpc=120 V (point A). At a certain time, the
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irradiance affecting PV1 changes to G1,=500 W/m? changing also the P-V curve (dashed
red line). At the new operating conditions the maximum power extraction corresponds
to GMPR-2, for Vpc=[148, 200] V. In a DMPPT system with a constant Vpc=120 V the
system operates at a suboptimal level (point B). To move the working point to GMPR-2,
Vbc has to increase, shift to the right. Vpc control is based on the hill-climbing P&O
principle thus, it performs the MPPT and reaches GMPR-2.

Fig. 9.17(b) shows the difference between the DMPPT system with fixed Vpc=120V
and implementing Vpc control. The simulation starts at point B under these conditions:
N1,=1, G1,=500 W/mQ, Ny=2, Gg=1000 V\/'/m2 and Vpc=120 V. Initially, the DMPPT
system with fixed Vpc=120V performs at a suboptimal level. The efficiency under these
conditions is npyvppT=81.8 %. At t=107s, the Vpc control is activated. The control
tracks Vpc and sets it in GMPR-2, in the vicinity of Vpc=148 V, obtaining an efficiency
of npmppT=94.7 %.

Unavoidable suboptimal operating conditions:  Unfortunately, optimal system
operation is not always achievable. Some Vpc operating points can be trapped into
LMPRs. For instance, Vpc working point can be point C in Fig. 9.17(a). Initially, the
system is operating at GMPR-1 (blue line, PV1 at G=200 W/m?, PV2 and PV3 at
Gu=1000 W/m?). The irradiance change to G,=500 W/m? in PV1 does not affect the
side of the P-V curve where Vpc is located. As the Vpc is in a flat LMPR, a AVpc
results in APpc=0. The Vpc control will therefore track in the opposite direction and

will operate in steady state at suboptimal level.

A second suboptimal scenario can be found at e.g. point D. As long as the mismatch
condition is kept at the initial conditions (blue line, PV1 at G1,=200 W/m?, PV2 and
PV3 at Gy=1000 W/m?), the V¢ control will be continuously tracking around the point
D, with no possibility to reach a higher power level. Vpc control might be combined
with an additional technique that calculates or detects the maximum available power

regions under mismatch situations to overcome these suboptimal operating conditions.

9.3.3.2 H-MYV Dynamic performance

The dynamic response of the system for different MPPTs is shown in Fig. 9.18. A
trapezoidal irradiance profile (top plot, Gpyi) is used to analyse the performance of
each MPPT. Gpy; starts at 0.5 kW/mQ, at t1=50 s an irradiance variation G= 10
W /m? /s rises up Gpyi until Gpyi= 0.9 kW/m? at =90 s. Each PV panel is subjected
to a different irradiance level (Gpyo=1.05Gpy1, Gpy3=0.95Gpy1). From top to bottom,
for the tests performed with SV (2nd plot), MVPOC (3rd plot) and MVPOV (4th plot)
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(b) Increased performance of the system operating at Np,.=1, GL=500 W/m? Ny=2, Gg=1000 W/m?
after adjusting Vpc from point B to MPR-2 in 9.17(a).

F1cUre 9.17: H-MV performing Vpc control. The tracking of Vpc increases system
efficiency.
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F1GURE 9.18: PV voltage deviation due to an irradiance change for different control

algorithms.
MVPOV,

Top to bottom: irradiance profile for the dynamic test, SV, MVPOC,
H-MV, H-MV Vp¢ control, and PV powers of the different techniques.
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controls, the system works at a Vpc=140V. At constant irradiance, H-MV (5th plot)
tracks Vpc (6th plot) in the vicinity of Vpc=140V.

At t1, the PV power increases due to the increasing G. With the conventional SV, the
PV voltages deviate as a consequence of the uncoordinated operation; MVPOC tracks
the same PV voltage as long as Ppc due to G is higher than Ppc due to AVpy. For
almost all the time the irradiance rises, it perturbs Vpyi; MVPOV shows smaller PV
voltage deviation than MVPOC, thanks to its MPPT promptness. All these deviations
cause power differences between modules and, consequently, differences between mod-
ule’s output voltages. Finally, H-MV manages the control sequence, blocks 61, 6> and
Vpc and performs the tracking on |Vec|, avoiding PV and output voltage deviations. The
maximum output voltage differences are AVp gv=10.39V for SV, AV mvroc=16.6V for
MVPOC, AVo mvrov=14.8V for MVPOV and AVp .myv=8.16V for H-MV.

In addition, H-MV shows the fastest MPP recovery at t=100s, while any of the other
methods reach the MPP after t=120s. The power reduction is detected faster by the
MPPT techniques when the irradiance comes down than in steady state or under rising
irradiance. Therefore, the perturbation direction in the SV control and the variable in
the MV controls change more often, showing very small voltage deviations when the

irradiance ramps-down.

The energy yield obtained with H-MV is higher than the other MPPT approaches, as
can be appreciated in the bottom plot in Fig. 9.18. It shows good dynamic performance
and fast MPP recovery under changing conditions. Computed global MPPT efficiencies
during the overall test in Fig. 9.18 for SV, MVPOC, MVPOV and H-MV techniques
result in: 97.9%, 97.2%, 97.6% and 98.7%, respectively.

9.3.4 Experimental results
9.3.4.1 H-MV MPPT performance

Fig. 9.19 shows the start-up and steady-state of the system. The open-circuit voltage
of the PV panels is Vpoca33V and the vectorial variables are set at their corresponding
values |Vecinit| =57.32V, 01 init= 45.16°, and 60 jnis= 54.49°. Vpc is set 20V above the
sum of PV voltages (Vhc=)_ Vpv+20V, Vpy=Voc) at Vpc,init=120V. The management
in the execution of the control variables (setting only |Vec|) ensures the simultaneous rise-
up of the PV voltages towards their MPP value and the system reaches faster its steady

state.
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FIGURE 9.19: Experimental results of H-MV: start-up and steady state. Top to bot-
tom: vectorial variables, PV voltage references and measurements, Vpc reference and
measurement.

9.3.4.2 Vpc control

The benefit of including the Vpc MPPT in the DMPPT system is highlighted in Fig.
9.20 with a test similar to the one in simulations (Fig. 9.17(b)) but with an irradiance
of G400 W/m?2.

Half of PV1 is covered to obtain the half of the irradiance with respect to PV2 and
PV3 and reproduce the mismatch conditions considered in the simulation. Initially, the
performance of the system with fixed Vpc=120 V is shown, with a DMPPT efficiency
of npmppT=79.2%. At t1=510 s, Vpc control is activated. H-MV tracks Vpc as long as
Ppc increases to reach the GMPR. Once the system is performing at its GMPR, Vpc
is tracked in the vicinity of 140 V. The DMPPT efficiency after the Vpc correction is
nomppr= 92.3%. Note the voltage drops in the performance of Vp¢ tracking, that are

a consequence of occasional communication errors.

9.3.4.3 H-MYV Dynamic performance

The dynamic test (Fig. 9.21) has been performed on a day with scattered clouds.
Two identical DMPPT systems of N=3 modules are used, with the same architecture
as in Fig. 9.8. The first system performs the proposed H-MV algorithm while the
second performs the conventional, distributed and uncoordinated SV P&O control. The
performance of both algorithms is compared operating at a fixed DC-bus voltage of

Vpbc=140V. Starting from the top in Fig. 9.21, the vectorial MV-P&O variables in
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FIGURE 9.20: H-MV experimental results at G~400 W/m? and PV1 covered with
a static shade of Sh=50% with fixed Vp¢ before, and Vpc control after, ¢;. Top to
bottom: PV and output voltages, sum of PV and output powers, Vpc.

the first plot generate the PV voltage references shown in the second plot (Vpyq, Viye,
Vpyvs)- Third plot shows the evolution of PV and output voltages for the modules 1 to 3.
The next two plots correspond to the SV-P&O control, showing the voltage references
(VBva, Vivs, Vye) and the resulting PV and output voltages, respectively. Bottom
plot compares the PV power of both systems, where Ppyi.3 and Ppy4. are the total
PV power for the systems performing H-MV and SV-P&O, respectively. The energy at
the PV panel level computed for each system in the time frame ¢t=0 s to t=600 s yields:
Epyvi1.3=193.39 Wh (H-MV) and Epy46=180.5 Wh (SV-P&O).

In the event of an irradiance change (at t~100s), the difference between output voltages
caused by the SV control that performs individual and uncoordinated MPPT can be
appreciated in the 5th plot starting from the top. This condition highly depends on
the tracking direction in each controller at the time of the irradiance variation. The
proposed H-MV control detects the irradiance variation, blocks the update of 6;, 69,
and Vpc, and controls |Vec|, keeping the PV voltages tracking in the same direction,
moving simultaneously and closer to each other, preventing PV and output voltage
deviations. Improved MPP recovery is appreciated for H-MV, compared to SV, as in

simulations in Fig. 9.18.

Any of the MV-P&O approaches previously presented in literature would cause much
larger deviations between output voltages of the modules as shown in simulation results
in Fig. 9.18. Staying within the modules’ output voltage limits keeps the system stable

and in a safe operation mode.
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F1cUre 9.21: H-MV dynamic performance: experimental results in a day with scat-

tered clouds. Top to bottom: vectorial variables, H-MV PV voltage references, H-MV

PV and output voltages, SV PV voltage references, SV PV and output voltages, H-MV
and SV PV powers.

9.4 Discussion of results

Multi-variable algorithms have demonstrated to be as effective as individual MPPT con-
trol in DMPPT systems. However, the dynamic response of the multi-variable control
needs to be treated differently, with a specific functionality that significantly reduces
output voltages differences when PV panels operate under changing irradiance condi-
tions. Consequently, the power difference between modules is smaller and the output
voltage stress is reduced. System stability is achieved by keeping the output voltages of

the modules away from their safe operating limits.

In addition, the inclusion of the DC-bus voltage control in the multi-variable control
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sequence has proved to be a straightforward method to coordinate the operation be-
tween distributed and central MPPT functions, preventing the simultaneous change of
reference for the different variables. The effectiveness of the H-MV algorithm has been
demonstrated in DMPPT systems with boost type converters. Besides, H-MV control is

suitable for DMPPT systems comprising different converter topologies in their modules.

This new approach provides full control of the PV and DC-bus voltages under static
and dynamic operating conditions and opens the door to new strategies such as output

voltage balancing of the modules in DMPPT systems.



Chapter 10

Improvements in the

Multi-Variable P& O control

The H-MV control presented in chapter 9 solves some dynamic performance issues of MV
algorithms with an new functionality derived from MVPOV in [92]. Nonetheless, this
new functionality is not optimized and the dynamic performance of the H-MV control
still presents some undesired PV and output voltage deviations, deteriorating the power
generation. Such deviations can be attenuated if the algorithm in charge of controlling
the system takes into account the slope of the irradiance variation and adapts the control

variables accordingly.

In this chapter a new adaptive control strategy, the centralized MV (CMV) control is
introduced, able to correctly track any irradiance variation speed. Moreover, the power
is measured at the output terminals of the inverter instead of at the DC bus as in chapter
9, so that the optimization process takes into account the efficiency of the overall power
processing system, including both the DC and the AC stages. The proposed CMV
control exploits the benefits of the MV approach improving both static and dynamic

performances as well as boosting the overall efficiency of the DMPPT system.

Part of this work has been presented at ELECTRIMACS 2019 Salerno (Italy) and pub-
lished in Springer book in the series Lecture Note in Electrical Engineering associated
to ELECTRIMACS [98].

10.1 Proposed centralized multi-variable control

The proposed CMV approach enhances the H-MV algorithm presented in Chapter 9,

(i) improving the dynamic response of the system for any irradiance variation speed,

109
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FIGURE 10.1: Small-signal equivalent circuit [99].

(ii) evaluating the power at the AC side of the inverter thus also accounting for the in-
verter conversion efficiency. Therefore, the irradiance level G in (9.19) is now considered

proportional to the AC power:

P
G = 1kW/m? - AC

(10.1)
Pre Q@G=1kW/m?

According to [91], AVpy depends on the PV module parameters, on the irradiance level,

on At and also on the maximum rate of variation of the irradiance (Gpax) the MPPT

algorithm is able to track [99].

10.1.1 Time interval between two consecutive perturbations

We can determine At with the small-signal analysis of the boost converter. The small
signal equivalent circuit of the system under study is represented in Fig. 10.1. As first
approach, an output voltage of V,=60 V is considered and operating at a constant load
thus the variations of the array voltage caused by load changes is not taken into account.

Assuming CCM operation, the small signal PV voltage is [100]:

opy = Gyg-d (10.2)

where d is the small-signal variation of the duty cycle (d). The control-to-array voltage

transfer function vad leads:

Vo

L
LCy,s2 _— 1
Cins™ + <RLoad(1_D)2>S+

vad = (103)
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TABLE 10.1: Characteristic parameters of the BenQ GreenTriplex PM245P00 260Wp.

Electrical characteristics Value @ STC!
Short-circuit current Isc 8.83 [A]
Open-circuit voltage Voc 37.7 [V]
MPP current Iyipp 8.34 [A]
MPP voltage Vaipp 31.2 [V]
Temperature coefficient of Isc (o) 0.065 [%/°C|
Temperature coefficient of Vo (ay) -80 [mV/°C]

TABLE 10.2: Main parameters of the boost DC/DC converter

Symbol Description Value

L Inductor 0.45 [mH]
Ci Input capacitor 100 [pF]
Vo Converter output voltage 60 [V]

For an ideal boost converter considering no losses, Rin=Rpad(1—D)? [101]. The transfer

function vad assumes from the classical control theory:

G pwn
Vi 52 4 2fwns + pw?

(10.4)

where p=-V; is the DC gain, w,=1/+/LCj, is the natural resonance pulsation, and

1 /L

&= R c is the damping factor. The maximum PV array power is obtained when
in in

Rin=Rypp. Using the parameters from Table 10.2, w,=4714 rad/s and £{=0.2835. The

minimum time interval to ensure that the system reaches steady state, is:

Tcz—

glnln(g/zngzgl (10.5)

w

where ¢ = 0.1 is a typical value in control engineering [100]. For the parameters in
Tables 10.1 and 10.2, At should be equal or higher than T¢:

At > T, = 3.7Tms. (10.6)

10.1.2 Design of the voltage step amplitude

Denoting AP, as the power variation at the DC-bus due to the voltage step pertur-
bation, and AP, as the power variation at the DC-bus due to an irradiance variation,

the correct tracking is ensured if:

| AP,, | > | AP, | (10.7)
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TABLE 10.3: Photovoltaic parameters for the design of AVpy.

PV parameters Value
Initial irradiance level Gipit 600 [W/(m?)]
Max irradiance variation Gax 50 [W/m?/s]

Short-circuit coefficient K 8.83 [mA- m?/W)|
Hlac=600 W/m?/s 0.0185 [A/V?]
RyipPlac=600 W/m?/s 6.235 [©]

Converter output voltage Vo ~ 60 [V]

With the conventional SV-P&O algorithm, the minimum value of the perturbation am-

plitude AVpy for a given maximum irradiance variation Gy is given by [99]:

AVvPV,min =

- (10.8)

H - Vapp + —
MPP RMPP

where Rypp is the differential resistance of the PV module evaluated in its MPP, Vyipp
the PV voltage at MPP, H the second derivative of the PV current with respect to the
PV voltage evaluated at the MPP, and K is a coefficient proportional to the derivative of
the PV current with respect to the irradiance [99]. These are characteristic parameters
that depend on the chosen PV panel (Table 10.1) and converter (Table 10.2) under a

given irradiance level Giyjt.

AVpy must fulfil the following condition to ensure a correct tracking for irradiance

variations slower than Gax:

AVpy > AVpy min (10.9)

The electrical characteristics of the BENQ GreenTriplex 260Wp PV panels are gathered
in Table 9.1. Following the guidelines in [99], the PV parameters for the MPPT controller
are obtained (Table 10.3). With the values in Table 10.3, we obtain that AVpy min=
0.35 V. The adopted voltage step is AVpy=0.4 V.

10.1.3 Proposed adaptive control

Unfortunately, for a new irradiance variation G greater than Guax, AVpy is no longer
sufficient to correctly track the MPP, thus a new value has to be set. An adaptive
control that takes into account the irradiance variation speed and the irradiance level

is proposed here. If we consider that G > Gax, & correction factor is included and the
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PV power [W]

PV voltage [V]

FIGURE 10.2: Zoomed view of the PV panel operating point in presence of an irradiance
variation at two different irradiance levels: Glow and Ghign, solid lines. Increasing
variation of the irradiance, dashed lines.

AVpya =1/ GG - AVpy (10.10)

where AVpy , is the adapted value of AVpy. This condition holds if G > Ginit. The
CMV algorithm performs a good MPPT if the power variation APpy due to AVpy

new AVpy becomes:

perturbation is bigger than the power variation AP, caused by the irradiance variation
G:
APPV > APG (10.11)

The P-V curve of a PV panel based on silicon technology tends to be flatter in the
vicinity of the MPP as irradiance G lowers [62]. Fig. 10.2 shows a zoomed view of the
characteristic P-V curve at different G. The curves change due to a variation of the
irradiance between two consecutive sampling instances. The change in power depends
on the derivative of the PV power A Ppy with respect to AVpy (APpy/AVpy). For the
same AVpy in Fig. 10.2, if the converter is working at MPP-1, the next operating point
will be point A, satisfying the inequality (10.11). On the contrary, if the converter is
working at MPP-2, the next operating point will be point B, thus detecting an increase

in power and Vpy will further increase, moving the operating point away from the MPP.

Adding a second correction factor to AVpy , in (10.10) improves the MPPT performance
of the H-MV at different irradiance levels. As APpy corresponding to a voltage step
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TABLE 10.4: Perturbation amplitudes of the variables.

Symbol Description Value
AVpy PV Voltage perturbation 04V
AV Vee perturbation 0.7V
Abq, Aby 01 & 05 perturbation 0.73°
AVpc DC-bus voltage step perturbation 0.1 V

perturbation is inversely proportional to the irradiance level G, it follows:

G G
AVpya ={\| =— a :

max

- AVpy (10.12)

Translating (10.12) to the spherical coordinates [92], we obtain the adapted value for

the perturbation step of |Vec| for a system of N modules:

AViea =VN - AVpy, (10.13)

10.2 Simulation results

The simulations are carried out in the MATLAB-Simulink environment. The system
consists of N=3 modules, each composed of one BENQ-260 Wp PV panel connected to
an interleaved boost-3PC [87] and an inverter. The main electrical characteristics of the
PV panel in STC are listed in Table 8.1. The inverter is modeled using the efficiency
curves of a scaled-down commercial solar inverter with DC bus voltage control in a
range of [70, 240] V and a nominal power of 1.5 kW. The implementation includes a 2-D

look-up table of efficiency curves as function of Ppc and Vpc.

Table 10.4 gathers the minimum voltage perturbation steps for the SV and vectorial
multi-variable controls, designed to track a maximum irradiance variation of GmaX:50
W/m?/s. According to the guidelines in [99] the minimum time interval that ensures
that the system reaches the steady state after a voltage step perturbation is At=3.7
ms. Simulation results in Fig. 10.3 show the steady state behavior of the system. The
vectorial variables (top plot) and Vpc (bottom plot) perform the P&O three-point be-
haviour in the multi-variable sequence. The resulting PV voltages waveform is observed

in middle plot.
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Ficure 10.3: Simulation results of the steady state operation of the CMV control
technique. Top plot: variables in spherical coordinates. Middle plot: PV voltages.
Bottom plot: Vpc measurement and reference.

10.2.1 Vpc control

In Fig. 10.4 the performances of MVPOV and CMV are compared. When the MVPOV
performs, the Vpc providing the maximum AC power under homogeneous irradiance
condition G=700 VV/m2 is fixed to Vpc=174.2 V . The simulation starts with the PV
panels under non-uniform irradiance levels (G1=700 W/m?, Go=G3=1000 W/m?). At
time t=2 s, the irradiance becomes G'=700 W/m? for all the PV panels. CMV seeks a
Vbc value that ensures highest conversion efficiency for the new generation conditions,
adapting Vpc stepwise from around 183.7 V to the vicinity of 174.2 V. At time t=4 s
a sudden ambient temperature change from 7,=25 °C to T,=50 °C is imposed on one
of the PV panels. Though this condition is not realistic, it shows the ability of the

algorithm to adapt Vpc operating point also to different temperature conditions.

The MPPT performance is comparable for both MVPOV and CMV techniques (Fig.
10.4, top plot). When a change in power occurs, MVPOV reaches steady state faster
than CMV. This is due to the simultaneity of the power transition event and the variable
that is being perturbed. As long as Vp¢ control is being performed, the PV voltages will
remain unchanged. From Fig. 10.4, it can be concluded that CMV ensures the highest
overall efficiency of the PV system.

The CMV algorithm is able to correct Vpc operating point as well as the PV voltages
under non-homogeneous irradiance conditions. Although the efficiency of the overall
system is barely improved, the simulation shown in Fig. 10.4 validates the proposed

joint operation of the distributed and centralized control.
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FIGURE 10.4: Simulation results of the system adopting the MVPOV (red line) and
the CMV algorithm that includes the Vpc control (blue line). Top to bottom: PV
power, AC power and CMV Vpc.

The performance improvement in this kind of PV systems depends on the ratio between
the nominal Ppc of the inverter and the PV peak power, the number of PV panels and
DC/DC converters, their topology and the efficiency curve of the inverter operating in

the system.

10.2.2 Dynamic performance of the proposed control algorithm

The CENELEC standard EN 50530 proposes a test procedure to evaluate the dynamic
performance of algorithms dedicated to PV system control [102]. Two test sequences
with different irradiance levels are proposed (sequence A fluctuates between 100 W/m?
and 500 W/m? and sequence B between 300 W/m? and 1000 W/m?), as well as a range
of irradiance variation speeds. The dynamic performance is validated using the fastest
irradiance variation of G= 100 W /m? /s belonging to the sequence B. The simulations
are carried out under homogeneous irradiance variation for all the PV panels to prove
the validity of the proposed algorithm. The non-homogeneous PV generation can be
compensated using batteries at module level and mimic homogeneous irradiance condi-
tions. Fig. 10.5 shows a comparison between the SV and CMV controls. Both SV and
CMV algorithms do small perturbation steps in steady state, with Grax= 50 W/m?/s

as the threshold to switch between static and dynamic behavior.

SV AVpy and CMV AV, are calculated using the methodologies described in [91] and
[92] (Table 10.4). For the irradiance rise, AVpy and AV,. are adapted according to
(10.12) and (10.13), respectively.
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FIGURE 10.5: EN 50530 dynamic performance test adopting either SV (top plot) and
H-MV (bottom plot) control algorithms.

TABLE 10.5: MPPT and conversion efficiencies (in %) for the 5 subintervals of the

simulations in Fig. 10.5 with either constant irradiance (W/m?) or varying irradiance
(W/m?/s).

G (W/m?) 300 300 — 1000 1000 1000 — 300 300
nmvpepT,sv - 99.78 99.69 99.87 99.71 99.81
mvppT,cMv  99.58 99.52 99.59 99.62 99.56

Neonv,sv  92.19 95.74 95.46 95.55 92.19
Neonv,cMv  96.30 95.67 95.40 95.59 95.80

Nv,sv  91.14 93.37 96.78 96.19 91.64
NMov,oMmv — 89.75 94.31 96.96 95.57 90.77

NTotal, sV ~ 33.84 89.12 92.27 91.64 84.32
NTotal,cMv ~ 36.07 89.79 92.12 91.01 86.58

For the test in Fig. 10.5 the energy yields are Egy= 236.34 Wh and Ecyy= 236.36 Wh
for SV and CMV approaches, respectively. The efficiencies of each conversion stage per
subinterval of either constant or varying irradiance gathered in Table 10.5 are computed
within the simulation time shown in Fig. 10.5. The total efficiency is obtained by
computing the MPPT, converters’ and inverter’s efficiencies: N1otal=7MPPT * Mconv * Mnv-
NTotal 1S considerably higher for CMV compared to SV at lower irradiance levels, thanks

to an increase of Ncony-

Figs. 10.6 and 10.7 shows the performance of the proposed CMV algorithm in detail.
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FIGURE 10.6: Details of the CMV control performance. Static and dynamic behaviour
of the PV voltages under rising irradiance variation.

At G=100 W/m?/s variation, the P&O control acts only on |Ve.|. The amplitude of the
PV voltage step is modified according to (10.12), is larger at lower G (Fig. 10.6(a) and
Fig. 10.7(b)) while at high G it is reduced (Fig. 10.6(b) and Fig. 10.7(a)), showing the
characteristic three-point-behaviour in P&O control. This way, CMV is able to track

the irradiance variation of any speed without any significant voltage deviation.

10.3 Discussion of results

In DMPPT systems, the dynamic response of the multi-variable control needs to be
treated differently from individual MPPT control, with a specific functionality that

avoids the divergence of the voltage variables from their respective optimal operating
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FI1GURE 10.7: Details of static and dynamic behaviour of the PV voltages under low-
ering irradiance variation.

points under changing irradiance conditions. The proposed modifications in the CMV
control allow the PV voltages to be kept close to their optimal operating point, improv-
ing dynamic performance, that is comparable to SV control. Since the design of the
perturbation variable does not only depend on the variation speed of the irradiance,
but also on its level, a solution that increases the efficiency of the system by improving
the MPPT performance of the algorithm is proposed, taking into account the irradiance

level.

In addition, the inclusion of the Vpc control in the multi-variable control has proved
to be an effective and straightforward method to coordinate the control between dis-
tributed and central MPPT. By only evaluating the power at the AC side, the proposed

control is able to optimize the overall system’s performance and the evaluation of the
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performance at each power conversion stage (MPPT, DC/DC and DC-AC conversion)

is not necessary.



Chapter 11

Control strategies for DMPPT

systems including batteries

In this chapter, the DMPPT system uses the interleaved boost-3PC [87] with the PV
panel and the battery. Irradiance conditions that are different for some of the PV panels
in the string may cause large voltage differences in the output of the converters. In the
absence of a suitable Vpc value at least one module has to stop performing its MPPT
or force the system to operate at a LMPR. Besides, irradiance variations can affect the
PV string partially (e.g. passing clouds cast a shadow only over some of the PV panels

in the string), deviating the output voltage of one or more modules.

Batteries at each module are used to compensate the voltage differences storing part of
the generated PV energy or discharging previously stored energy. The MPPT operating
range is extended with the batteries as support to the PV generation. Two different
strategies are presented in this chapter. The first is devoted to keep all modules’ output
voltages within a certain range, ensuring the MPPT operating range. The second strat-
egy compensates the power difference between modules and performs output voltage

equalization.

Part of the work in this chapter has been presented at the 20th European Conference on
Power Electronics and Applications (EPE’18 ECCE Europe) [95].

11.1 MPPT operating range extension

The presented system (Fig. 11.1(a)) shows increased performance under large mismatch-
ing conditions thanks to the adopted strategies: (i) an adaptive DC-bus voltage extends

the MPPT operating range of the converters dedicated to control single photovoltaic

121
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FIGURE 11.1: (a) Battery-integrated DMPPT system consisting of N DC/DC convert-
ers for each PV panel. (b) Control algorithm managing V¢ and output voltages of the
converters.

panels and (ii) the integration of batteries at module-level further compensates the out-
put voltage level of the converters. A novel output voltage calculation is presented as
well, providing full control of the converters’ output voltages along with reduced sensing

circuitry.

DMPPT systems are not able to completely suppress mismatching losses. With boost
converters in the modules, V;,; must be within Vpy; and V;, max, which are the i-th output
and PV voltages of the i-th module, and the maximum allowed output voltage in the
converters, respectively. If the generation conditions between converters are sufficiently
different, it may occur that this requirement is not met. Previous chapters analyse
the optimal Vpo operating ranges under different mismatching conditions. The imple-
mentation of a Vpc control allows each PV panel to operate at its MPP under greater

generation differences than in a system with fixed Vpc.

If Vpc is out of the aforementioned range (e.g. if it has to match with the input voltage
range of the inverter Rjpy ), not all the PV panels can work at their MPP. The integration
of batteries in the modules (Fig. 11.1(a)) overcomes this constraint and gives support

to the PV generation compensating the unbalance between output voltages (V,s). The



Control strategies for DMPPT systems including batteries 123

proposed control algorithm consists of a Vpc control based on [61] and a compensating

V, control using batteries.

11.1.1 Proposed control algorithm

The control algorithm shown in Fig. 11.1(b) consists of two parts. First, the Vp¢
control part is in charge of setting Vpc. It first calculates the PV and battery powers
and determines a suitable Vpc range that allows a proper operation of the modules. Vpc
is defined thereafter as the average value within its range. Avoiding the simultaneous

setting of the new references for Vpc and any Vpy prevents an incorrect Ppc evaluation.

Second, the PV support part calculates V,; and decides if the batteries collaborate to
maintaining a proper operation of the system charging or discharging themselves. Since
Voi is proportional to P,; wich is the i-th output power of the i-th module, it can be
calculated online without the need for additional sensing. The V,, control block ensures
that the output voltages operate within the required voltage range using the batteries

as support to the PV generation.

11.1.1.1 Vpc control

Vpc operating limits are calculated rewriting (8.18) and (8.19) [61] described in section

8.5.1, but also accounting for battery power:

N
; Poi
VDC,maX = Vvo,max <ZZI> (111)

kmin Z]\i POi
VDC,min = Varpp | &=L 11.2
PPV,min/PPV,max ];ne%( PO] ( )

where P,; is normalized with reference to the maximum output power amongst the con-
verters. The minimum voltage conversion gain ki, =1 for boost converters. Considering
an ideal system with no losses, the output power of a single converter is the sum of the
PV and battery powers (P,; = Ppv; + Pgati). The maximum output voltage V5 max is
given by the maximum physical constraint of the switching device at the output of the
converter. For the converter in Fig. 9.2, this constraint is the maximum allowed voltage
across switches S7 and S;. As the batteries are used as support to the PV generation,
there is no minimum battery power to be considered when calculating Vpc min. There-

fore, only the ratio between PV powers is needed (P,; = Ppy;). Replacing oy (section
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8.5.1 (8.19), the lowest a in the PV string) by the normalized minimum PV power
(PpV,min/Pprv max), VDC,min can be obtained. Vpc reference is set to an intermediate

value within the range [Vpc,min < Vi¢ < Vbo,max)-

11.1.1.2 Batteries as support to PV generation

Vi is proportional to the power delivered by the i-th converter to the DC-bus:

Poi
Ppc

Vi = Vbe (11.3)
Batteries are used to help the system operate while the ratio between the PV powers
is excessively large and the output voltages reach one of the boundaries previously
mentioned (Vo; = Veati or Vo; = Vo max). The availability to charge or discharge the
battery of each module depends on its state-of-charge (SoC'), delimited by its maximum
and minimum values [SoCpin < SoC < SoCpax]. SoC is a value ranging from zero to

one, calculated from the battery current (Igar) using the Coulomb counting method:

1
SoC = SoCinit +
CBAT

/IBATdt (11.4)
where SoCin;; is the initial state-of-charge and Cpat is the battery capacity. For the
i-th module, when V,; approaches Vgar; and the state-of-charge of the battery is above
S0Chin, the battery starts discharging (Ipa;>0) in order to keep V,; above Vpar;. If
the battery is unable to provide energy, the controller does not act and V,,; can further
decrease. Without battery support, the Vpy; < V,; inequality has to be met to avoid
that the converter stops the MPPT operation. On the contrary, if V5; = Vi, max and SoC
is below SoCiax, the battery is charged (IpaT;<0) and V,; remains under its maximum

admissible value.

11.1.2 Simulation results

The system consists of 6 series-connected modules connected to a current source in order
to model the inverter. The PV model in the Matlab-Simulink uses the parameters of
the PV panel in Table 11.1. The battery is modelled as a constant voltage source with
a computing SoC based on (11.4). The averaged model of the interleaved boost-3PC

(see chapter 9.1) is used for the converters.

The indices notation of the different variables throughout the discussion of the simulation

results is treated as follows: G;, Vpv;, Vo; and SoC; are often grouped according to their
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FiGgure 11.2: Coordination of Vpc and PV voltages to prevent an incorrect Ppc
evaluation.

values. If e.g. the j-th and k-th Vpy have the same value, these voltages will be referred
to as Vpy, k. If the j-th, k-th and h-th SoC have the same value, these SoC will be

referred to as SoC_p,.

TABLE 11.1: Characteristic parameters at STC of the BenQ GreenTriplex PM245P00

260Wp.
Parameter Description Value Unit
Ppy Nominal PV power 260  [Wp]
Ivpp MPP current 8.34 [A]
VPP MPP voltage 31.2 [V]
Isc Short-circuit current  8.83 [A]
Voc Open-circuit voltage 37.7  [V]

A coordinated control sets the new voltage references sequentially. Fig. 11.2(a) shows
the steady state operation, where the PV voltages are set simultaneously and move in
the vicinity of their MPP showing the P&O characteristic three-point-behaviour. Vpc
reference is equivalent to the average value of the maximum and minimum values in
(11.1) and (11.2) and shifted 180°with respect to the PV voltages. In steady state, Vpc
remains unaltered and only changes influenced by the power variation due to the PV
MPPT. The time between two consecutive perturbations of the same variable is set to
T,=25 ms, sufficient time to reach the steady state, evaluate Ppc and set a new reference
value for the other variable in the coordination sequence. In Fig. 11.2(b) the system is

not in steady state condition and Vp¢ varies according to Ppc.

The simulation in Fig. 11.3 illustrates the benefits of implementing an adaptive Vpc
control in DMPPT systems. At this stage, the batteries are not considered. The irradi-
ance conditions (top plot in Fig. 11.3(a)) are the same for both cases: two PV panels
out of six operate under varying irradiance Gio while the remaining four PV panels

receive a constant irradiance of Gs =1 kW/ m?.
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FIGURE 11.3: Comparison of the system performance with (a) fixed and (b) adaptive

A voltage level of Vpc=363.6 V is set for the system with fixed Vpc operation, allowing
a boosting factor close to 2 for each DC/DC converter under homogeneous generation

conditions.

Fig. 11.3(a) shows that V1 2 decrease with G 2 as long as V1,2>Vpy1 2, while the output
voltages of the rest of the converters rise to compensate the Vpo reduction and meet
Vpc=363.6 V. According to (8.18) and (8.19), the Vpc range allowing a correct tracking
of all the PV panels under G 2=440 W/m? and G36=1 kW/m? is [Vbc,min=380.64 V,
Vb max=400.16 V]. Once V51 2 equals Vpyy 2, converters 1 and 2 are not able to perform
the MPPT. The Vpc control (top plot in Fig. 11.3(b) ), sets Vpc to 391 V, and extends
the MPPT operation of the converters, as in [61].

Batteries are included in the system for arriving at the simulation results in Fig. 11.4.
The irradiance conditions are different from the previous simulation, with varying irra-
diance for PV panels 1 to 4 and a constant 1 kW/m? irradiance for PV panels 5 and 6.
The parameters of the batteries are gathered in Table 11.2 and the initial SoC of the
batteries are set to: SoC1_3=S0Cmin, S0C4=20.01 % almots at SoCrin, and SoC5_g=50
%. Note that the online calculated and the simulated output voltages are nearly the
same (Fig. 11.4). Using the online calculated output voltages, the number of sensing

circuitry can be reduced and thus the associated costs.
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FIGURE 11.4: Performance of the system under mismatch conditions with battery
compensating actions at different SoC. From left to right, top to bottom: irradiance
profiles, PV currents, output voltages, battery currents.

At time t = 0.5 s, the irradiance imposed to PV panels 1 to 4 decreases with a negative
slope of -700 kW /m?/s during 0.8 s. The battery from module 4 discharges to keep
Voa>VBaT4. As batteries 1 to 3 are not able to give support (SoCi_3 = SoCuin),
Vo1-3 will continue decreasing as long as they meet the condition Vo>Vpy. From (11.1)
and (11.2) we can calculate the Vpc range and set an updated Vo (at e.g. t= 2
s. [Vbemin=281.67 V < V;5:=303.3 V < Vpcmax=324.91 V]). At a certain time SoCy
reaches the minimum SoC' value and V4 lowers to the same level as for V,1.3. At time
t = 3.14 s, Vou and Vo5 reach Vi, max= 80 V. Batteries 5 and 6 charge for these output
voltages not to exceed V, max. At time t = 5 s, the irradiance for the PV panels 1 to 4

starts increasing until 1 kW/m? with a slope of 700 kW /m?/s .

TABLE 11.2: Battery parameters

Parameter Description Value Unit
VBAT Rated battery voltage 50 [V]
CBAT Battery capacity 8.34  [Ah]
SoChin Minimum state-of-charge 20 %
S0Cmax Maximum state-of-charge 80 %

11.1.3 Experimental results

For the experimental validation in Fig. 11.5, a reduced version of N=3 modules is used.

A static shade of Sh= 50% is imposed to PV1 and PV2 to obtain large voltage differences
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between V,;. SoCi_g= 50% with room for charging and discharging the batteries. The

maximum V;; is limited to Vi max= 72V.

The system starts with an initial Vpcinit=120 V, so Vo1<Vpyi and Voa<Vpya. At
time t1, Vpc control is activated. Vi is increased in steps of AVpc= 3V as long as
Voi<(Vpvi+2V), to ensure the converters’ boosting operation. If any V>V, max, the
battery of the corresponding module is charged to maintain Vo; <V max. An hysteresis
of Viyst=10 V is set to avoid enabling and disabling the battery charge continuously. At
time t2, V53>Vo max and the battery in module 3 (IgaTs) is charged with an increment of
Algars= 0.02 A starting from Igars= 0 A, to keep V5 max>Vo3>Vo max-Viyst- At time
3 Vo3< V5 max-Vhyst and the absolute value of IgaTs is not further increased. Meanwhile,
Vb max and Vpc min are calculated with (11.1) and (11.2) to verify that Vpc is within
an appropriate range. A new Vpc value is set only if Vpc is out of the calculated range,

avoiding unnecessary voltage oscillations.

11.2 'V, equalization

In this section, the system in Fig. 11.1(a) is used, considering the module-level batteries
to equalize V,;. The V, differences are obtained imposing an irradiance variation that
affects some of the PV panels in the string. The batteries compensate the uneven PV

generation and equalize V.
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TABLE 11.3: Simulation parameters

Parameter Description Value Unit
kp Proportional 5 -
k1 Integral 25 -

S0C nax Maximum SoC 0.8 -
SoCnin Minimum SoC 0.2 -

The V, equalization method basically consists of subtracting the output voltage of two
consecutive modules ¢ and j (AVy;j=V,;-Vo;), compute the power difference (APy;;=PF,;-
P,;) and calculate the battery current references (I yp; and I j) to compensate AF,;;.
For i=N, j=1. A PI controller generates the Igay references. A hysteresis with a
threshold of AP,=420W activates the PI controller.

Battery charge is considered a priority to discharge. In case of mismatch, high PV power
modules with storage capacity charge first to compensate AF,;; and the discharge of low
PV power modules is disabled. If the PV power of the i-th module is higher than of
the j-th module and the i-th battery (BAT?) is full (SoC;>S0Chax), BATi charge is
disabled and j-th battery discharge enabled, as long as SoC;>S0C ;. By implementing
this method to all the IV possible combinations, the Ipat references are generated, taking

into account each module’s battery SoC.

The system comprises N=3 modules. The modules implement individual P&O control
to each PV panel (SV control, see section 9.3) and the inverter has a fixed Vpc=180V.
The simulation parameters controlling Igar reference and the SoC), limits can be found
in Table 11.3. A combination of a constant and a varying irradiance profile are imposed
to the PV panels. The constant irradiance profile is G= 300 W/m? and the varying
profile follows the predetermined trapezoidal shape determined in test B of the European
standard EN50530. The initial irradiance level of the trapezoidal profile is G=300W /m?,
it increases up to G=1000W /m? with a slope of G=100W /m? /s and decreases down to
G=300W/m? with an slope of G=-100W/m?/s. It starts at time ¢; for all the cases
studied.

11.2.1 Simulation results

Four cases are considered: in Fig. 11.6, G trapezoidal profile is imposed to PV1 and
G2=G3=300 W/m? to PV2 and PV3. When the output power difference is detected
above the threshold, batteries charge or discharge to equalize the output voltages Battery
1 (BAT1) SoC is below the maximum allowed SoC, SoC;<SoCp.x. Thus, regardless
of SoCy and SoCs, BAT1 is charged to compensate the power difference with modules
2 and 3. In Fig. 11.7 on the contrary SoC}>S0oC.x and battery 2 (BAT2) and battery
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FIGURE 11.6: SoC1<S0C.x. Top to bottom: first plot: PV1 follows a varying G;

with a trapezoidal profile, Go=G3=300 W/m? for PV2 and PV3. Second plot: output

voltages. Third plot: BAT1 charges after AP,;2<-20 W and AP,3;>+20 W. Fourth
plot: output powers.

3 (BAT3) discharge (SoCy=S0C5>S0C,). Figs. 11.8 and 11.9 show similar cases
but imposing the trapezoidal profile to PV1 and PV2 and the constant Gz=300W /m?
to PV3. In Fig. 11.8 BAT1 and BAT2 have charging capacity SoC1=50C5<S0Cnax
while in Fig. 11.9 SoC1=50C5>S50Cnax and BAT3 discharges as SoC3>S0C . In all
the cases the battery compensation avoids undesired V, levels, contributing to system

stability.
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11.3 Discussion of results

The Vpc control adapted to a battery-integrated DMPPT system has shown to be as
effective as the original control presented in [61]. By setting Vpc to a value within
the optimal operating range, the variable voltage control allows the PV panels to work
at their MPP when there is a certain mismatch between panels. Nonetheless, the algo-
rithm adapting Vpc does not ensure the optimal operation in a DMPPT system without

batteries at module-level.

By including batteries, the system is able to operate if the difference in PV generation is
even larger. Furthermore, batteries support the PV generation by controlling the output
voltage levels of the converters. The use of batteries at module-level in combination with

a Vpc control extends the MPPT operation and improves the performance of the system.

If the system operates with a constant Vpc, V, equalization can be implemented to
compensate the voltage differences caused by the different power output of the modules.
The V, equalization method presented in this chapter has shown the ability to keep the
system operating at uneven irradiance variation, avoiding V, levels that could reach the
ratings of some components (e.g. output capacitors) in parallel to the output of the

converters.



Chapter 12

Conclusions

In the first part of this thesis, the dynamic interaction of PV inverters with grid stability
problems has been addressed. The features of the individual PV generation units have
been analysed. The capability of commercial PV inverters to compensate voltage issues
is strongly influenced by the impedance behaviour of the grid. Grid voltage compen-
sation in residential applications responds better to active power reduction, due to the
normally resistive behaviour of LV networks. In general, inverter’s reactive power com-
pensation capability is less effective than reducing the active power delivered to the grid.
Besides, voltage compensation via reactive power provision can increase power losses in
the PV inverters and operational costs of the PV installation [52]. In addition, coun-
try grid standards limit the maximum reactive power modulation of each device [13].
Therefore, active power control capabilities must take priority for inverters connected

to LV networks.

The voltage increase in the LV network due to the reverse current flow is higher for the
most distant PCCs. The local compensating actions of individual PV units may not be
sufficient to solve the overvoltage issue in DN with high PV penetration, being detri-
mental to the most remote PV installations from the distribution transformer. Active
distribution systems managing the power flow in the LV networks help ensuring the grid
voltage instability. LV networks are generally characterised by PV installations with
inverters of different brands and each manufacturer develops its own communication
protocol. A control scheme able to interact with each and every PV inverter in the LV
network is thus necessary. The universal communication protocol UCP developed in this
work makes the specific communication protocols uniform and eases the implementation

of active management control schemes in DN.

Active power curtailment of the various PV units of the same LV network in a collabo-

rative framework can attenuate the imbalance in the grid. The grid voltage instability
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is ensured, but at the cost of having less profitable PV installations. The integration
of batteries in PV systems is suggested as a possible solution to this problem. Instead
of reducing the PV generation, part of the PV energy is stored, reducing for a certain

period the energy injected to the grid.

In the second part of the thesis, PV DMPPT systems have been addressed. The dis-
tributed power electronics individually controlling the MPP of each PV panel allow for
an increase in harvested energy in mismatch conditions compared to the traditional
CMPPT (e.g. Fig. 8.7). However, if the mismatch is considerable, the DMPPT sys-
tem considering a constant Vpc may work at a suboptimal power point. Moreover,
depending on the Vpc level, large irradiance mismatch between PV panels may lead
to dangerous overvoltage in the modules presenting greater output powers, damaging
some of the DC/DC converters’ components. Atmospheric conditions, number of PV
panels in the string, mismatch level between PV panels, number of PV panels and their
associated converters under each different irradiance level, conversion gain limitations
of the DC/DC stage at the PV panel level, and Vpc level affect the performance of
the DMPPT system. In this context, the Vpc range and optimal operating point has
been analysed (Figs. 8.8, 8.10). The results obtained suggest the implementation of an

adaptive Vpg control to improve DMPPT system’s performance.

A central MPPT function that implements the Vpc control has to be coordinated
with the DMPPT function. This coordination has been implemented by including the
Vbc control into the multi-variable operating sequence. Thanks to the coordination
of DMPPT and CMPPT functions, the proposed H-MV control adapts Vp¢ increasing
the performance of the system (Fig. 9.20). In addition, the dynamic response of the
multi-variable control is improved with a specific functionality that significantly reduces
output voltages differences (Figs. 9.18 and 9.21) contributing to better safety and system
stability.

The interleaved boost-3PC [87] including batteries at module level is used in the DMPPT
system to implement control strategies that compensate the irradiance mismatch be-
tween PV panels. In the absence of a suitable Vpc value allowing the MPP operation
of all the PV panels, at least one of the converters in the string stops performing its
MPPT or the system is forced to operate a a suboptimal operating condition. Besides,
if changing atmospheric conditions are not uniformly distributed on all the PV panels
(clouds passing by and partially affecting the PV string) the output voltage of one or
more modules may be affected and reach some of the component’s ratings. Module level
batteries are used to compensate the voltage differences, charging part of the generated
PV energy or discharging when PV generation of the corresponding module is too low.

Two different strategies have been presented to overcome large mismatch conditions.
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The first strategy extends the MPPT range in the DMPPT system using batteries as
support to the PV generation (Figs. 11.4 and 11.5). A Vpc control calculates the Vpc
range to obtain system’s maximum performance. If Vpc control is not able to avoid the
mismatch situation, the output voltage of the converters are compensated using batter-
ies as support to the PV generation. In the second strategy, the V, equalization method
has shown the ability to keep the system operating at uneven irradiance variation, pri-
oritizing the battery charge (Figs. 11.6 to 11.9). However, a more intensive use of the

batteries is made compared to the first strategy.

A way to improve the performance of the system under mismatch conditions could be
the implementation of a strategy that couples the two Vpc controls proposed: the Vpc
control implemented in the multi-variable sequence (H-MV, see section 9.3) tracks Vpc
to a value corresponding to the Vpcmin (Fig. 9.17), the minimum Vpc value in the
GMPR under these operating conditions. The Vpc range calculation (see section 8.5.1)
could provide an approximate Vpc operating range and place Vpc at an intermediate
point. In addition, with the proposed techniques, the operation at LMPR for some
of the mismatch conditions is unavoidable as the algorithm is unable to detect if it is
performing at GMPR or LMPR. A method to detect these suboptimal operating regions
and the use of the batteries to compensate the mismatch could improve the performance

of the system.






Appendix A

Universal communication
protocol and specific protocols of

main PV inverter brands

A.1 Structure of the communication platform

In the module inverter_brand.py the control module of an inverter is selected. Each
control module calls to the corresponding function module, and this to the libraries or

dictionaries associated to it.

Inverter_brand.py — Generic methods

Inverter selector

invertercontrolSolarMax.py | invertercontrolABB.py | invertercontrolSMA.py | invertercontrolKACO.py | invertercontrolSE.py

functionsSolarMax.py functionsABB.py

yasdiwrapper.py functionskKACO.py functionsSE.py

statesABB.py statesABB.py

libyasdimaster.so (library API)
libyasdi.so (protocol config., data manager)
Libyasdi_drv_serial.so (drivers config.)

Crc_algorithms.py

FIGURE A.1: Structure of the communication platform
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A.2 Universal communication protocol

In this section the generic methods are described. The corresponding python mod-
ule inverter_brand.py is structured in methods or functions() belonging to the class
InvBrand. This class initializes a logger! (.log text files created automatically in the
same folder where the python module is) for post-analysis and error-correction invoking

the _init_() method:

e In the initialization of InvBrand class, the selection of the inverter is done through
the if statement. The necessary modules allowing the control of the inverter are
imported. The objects declared for each option initialize the corresponding inverter
and acquire the functionalities of the methods inside the classes of the modules
called (the generic name of the object is inverter). Once the call is done, the

arguments declared in the _init_() method of the classes are executed.
The generic methods are listed hereunder:

1. The reading methods return only a value. In case the reading is not well executed,
the methods return an error code. Reading methods available for the inverters

tested:

e SlimitReading(): Reads the nominal apparent power of the device. Available
only for SMA.

e cosPhiMin(): Reads the minimum cos phi of the device. Available only for
SMA.

e ActivePowerReading(): Reads phase active powers injected into the grid.
Available only for SMA.

e ReactivePowerReading(): Reads per phase reactive powers. Available only
for SMA.

e SNReading(): Reads the serial number of the device. Available for all.

e voltageOutReading(): Reads the output voltage of the device. Per phase for
the 3-ph and ph-N for the single-phase. Available for all.

e totalActivePowerReading(): Reads the total active power the device is deliv-

ering. Available for all.

o totalReactivePowerReading(): Reads the total reactive power exchanged be-

tween the device and the grid. Available for all.

e PFReading(): Reads the operating point of the power factor of the device.

Available for all excluding SolarMax.
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2. The writing methods return the reference value once the order is successfully exe-
cuted. If that is not the case, the methods return an error code. Writing methods

available:
e totalActivePowerDisable(): Disables the active power set point mode and
enables back the MPPT mode. Available for SMA an SolarEdge.

o totalReactivePowerDisable(): Disables the reactive power mode changing to
P.F. = 1.0. Available for SMA and SolarEdge.

e totalActivePowerLimitation(): Limits the active power of the device. Avail-
able only for SMA.

e totalApparentPowerLimitation(): Limits the apparent power of the device.
Available only for SMA.

e totalActivePowerSetPoint(): Sets the active power operating point reference.
Available for all.

e totalReactivePowerSetPoint(): Sets the reactive power operating point refer-

ence. Available for all excluding SolarMax.

e PFSetPoint(): Sets the power factor operating point reference. Available for

all excluding SolarMax.

The availability of the methods with respect to the type of inverter is described in Fig.
A2
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Parameter

Read

Minimum cos@

Maximum apparent power

Serial number

Output voltage

Active power per phase

Reactive power per phase

Total active power

Total reactive power

Power Factor

Write

Total active power

Total reactive power

Power Factor

Total Q(P)

Total Q(U)

Total active power limitation

Total apparent power limitation

Disable active power setpoint

Disable reactive power setpoint

Parameter available in the family but not implemented yet or not available for the model

FIGURE A.2: Features of the inverters
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Simulation models and results

B.1 Distributed and central MPPT functions

B.1.1 Switching model of the boost DC/DC converter

mp

MOSFET

F1cURE B.1: Nonisolated boost converter switching model and its MPPT P&O control
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B.1.2 Averaged model of the central MPPT

P_in1

F1GURE B.2: Averaged model of the CMPPT approach
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B.1.3 Averaged model of the distributed MPPT

miam(s)

denis)

Fikert

F1cURE B.4: Model of the DC bus for the DMPPT approach

B.1.4 Additional results

QUIpUL Power

Figs. B.5 and B.6 gather additional CMPPT and DMPPT P-V curves subjected to

several different irradiance mismatches.
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