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Abstract

The implementation of ripple correlation control (RCC) algorithms for maximum
power point tracking (MPPT) schemes in PV generation systems is presented and
discussed in this PhD thesis in order to improve static and dynamic performances.
Improvements in RCC are introduced first, considering fast irradiance transients and a
hybrid RCC scheme is proposed. Power quality of the PV generation system is
improved by multilevel inverter implemented by level doubling network (LDN),
reducing output voltage and current harmonics. Reference is made to single-phase
single-stage multilevel PV generation systems, when the inverter input variables,
actually PV voltage and PV current, have multiple low-frequency (ripple) harmonics.
The harmonic analysis is carried out with reference to a multilevel configuration
consisting in H-bridge inverter and level doubling network (LDN) cell, leading to a
multilevel inverter having the double of output voltage levels compared to the basic
H-bridge inverter topology (i.e., five levels vs. three levels). The LDN cell is basically a
half-bridge fed by a floating capacitor, with self-balancing voltage capability. The
multilevel configuration introduces additional PV voltage and current low-frequency
harmonics, perturbing the basic implementation of the RCC scheme (based on the 100
Hz component in case of 50 Hz fundamental), leading to malfunctioning. The pro-
posed RCC algorithm employs the PV current and voltage harmonics at a specific
frequency for the estimation of the voltage derivative of the power dP/dV (or dI/dV),
driving the PV operating point toward the MPP in a more precise and faster manner.
Detailed analytical expressions of peak-to-peak voltage and current harmonic
amplitudes are given as function of the modulation index for both H-bridge and LDN
cells. Maximum peak-to-peak values of both low-frequency and switching frequency
voltage ripple components are effectively adopted to design the capacitors of both H-
bridge and LDN cells basing on the desired dc-link voltage ripple requirements. Both
simulation and experimental results are carried out to prove the validity of the
analytical developments. The analysis of the dc-link voltage and current harmonics has
been extended also to three-phase configurations. The steady-state and transient
performances of the proposed RCC-MPPT schemes have been tested and compared by
MATLAB/ Simulink. Results have been verified by experimental tests considering the
whole single-phase multilevel PV generation system, including real PV modules,
multilevel IBGTs inverter, and utility grid.
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1. General introduction

1.1. Motivation for research

Energy demand has increased enormously, and the consumption of fossil fuels and
nuclear energy has caused many environmental problems. In fact, fossil fuels are ex-
haustible, polluting and rather expensive. However, the development of clean and re-
newable energies such as wind, biomass, geothermal and photovoltaic, are a promis-
ing solution to overcome problems of conventional energy sources. Currently, photo-
voltaic (PV) energy is one of the most widely used form of renewable energy and is be-
coming one of the main power sources [1],[2]. Nowadays, single-stage single-phase PV
inverters have widely been used for their characteristics of compact configuration and
modular design mainly in low-power applications (i.e., up to 5-10 kW).

It is known that maximum power point tracking (MPPT) algorithms are adopted to
improve the efficiency of the PV arrays. Many methods have been proposed in the lit-
erature, such as perturb and observe (P&O) [3]-[6], incremental conductance (IC) [7]-
[9], constant voltage, fuzzy logic [10], [11], etc. For these algorithms the typical prob-
lems are the identification of an appropriate perturbation step size, and the poor MPP
tracking capability during sudden variations in sun irradiance. Most of these methods
belong to the class of P&O algorithms, using either fixed or variable step size to im-
prove the settling time and MPP resolution.

In single-stage single-phase systems, the instantaneous power oscillations (100 Hz)
can be exploited as internal perturbation to determine the MPP of the PV field. This
method, referred to in the literature as ripple correlation control (RCC), leads to good
performances in tracking the MPP. RCC is generally simple, fast, and does not require
any external action to perturb the PV operating point compared to the others MPPT al-
gorithms.

The basic RCC-MPPT algorithm has been proposed in [12]-[14]; two high-pass fil-
ters (HPF), and two low-pass filters (LPF) are required for the implementation. In or-
der to overcome the problem of defining the time constant of the filters, a modified
RCC-MPPT algorithm has been introduced in [15]. Similar methods are presented in
[2] in which the moving average (MAvg) concept has been used instead of high/low-
pass filters to identify PV current and voltage oscillations (100 Hz ripple components).
Furthermore, only the sign of the product of PV power and voltage ripple can be used
to drive the operating point toward the MPP instead of the estimation of the voltage
derivative of power (dP/dV).

In recent years, multilevel inverters have become more attractive for single and
three-phase systems [16]-[21]. The most common multilevel converter topologies, pre-
sented in literature, are the neutral-point-clamped (NPC), flying capacitor (FC) and
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cascaded H-Bridge (CHB) converters. In both NPC and FC configurations, the number
of additional components (diodes or capacitors) proportionally increases with the
number of levels, leading to lower reliability, higher complexity, volume, and cost. In-
creasing the number of levels using the cascaded H-bridge configuration is a flexible
solution, it doesn’t require additional components but it needs an isolated dc power
source for each H-bridge cell. Recently, asymmetric cascaded H-bridge multilevel in-
verter topology has gained interest from many researchers for PV system applications
[22], [23]. It is based on a modular half-bridge (two switches) cascaded to a full H-
bridge in order to double the output voltage levels (also called level doubling network,
LDN). A proper PWM pattern provides for a self-balancing mechanism keeping the
floating capacitor voltage around the half of the dc-link H-bridge voltage. The LDN
configuration (Fig. 1.1) is becoming popular, due to its simple, modular and reliable
structure and can be considered as a retrofit which can be added to existing H-bridge
configurations in order to double the output voltage levels.

A 11:10
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Fig. 1.1. Block diagram of single-phase LDN multilevel inverter (H-bridge and LDN).

The concept of LDN has the capability of self-balancing the dc capacitor voltage
during positive and negative fundamental cycles without any closed-loop con-
trol/algorithm, and it does not consume or supply any active power (reactive inverter).
It significantly improves the power quality, reducing the cost and size of the harmonic
filter.

Despite numerous ripple correlation control RCC-MPPT algorithms for single-stage
single phase grid-connected PV systems have been developed, no detailed analysis of
RCC algorithms in case of multilevel inverters has been reported since the multilevel
configuration introduces additional PV voltage and current low-frequency harmonics,
perturbing the basic implementation of the RCC scheme, leading to malfunctioning.
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This dissertation is devoted towards the analysis of voltage and current harmonic
components used in RCC schemes in order to estimate dP/dV and to drive the PV op-
erating point to the MPP in case of multiple harmonics introduced in a more precise
and faster manner.

1.2. Research objectives

The main objective of this dissertation is to study, analyze and improve the stability
and the dynamic performance of Ripple Correlation Control (RCC) Maximum Power
Point Tracking (MPPT) algorithms in case of multiple harmonics in case of grid-con-
nected multilevel inverters. Verifications have been carried out by numerical simula-
tion software and a real experimental setup. In detail, the objectives are focused to-
wards:

1) Improving the capability of the RCC-MPPT algorithm under sudden and large
variation of sun irradiance in case of single-phase H-bridge grid-connected PV sys-
tems.

2) Improvements of output power quality by multilevel inverter with level doubling
network (LDN). Modulation principles and harmonic analysis of output voltages
have been proposed and introduced in details for both single and three-phase LDN
configurations.

3) Analysis of dc-link voltage ripple in single-phase LDN configuration. Calculation of
peak-to-peak input current and voltage amplitudes for both low and switching fre-
quency components have been given. Guidelines for designing the dc-link capaci-
tors have been proposed based on these calculations. Numerical and experimental
verification of the results have been obtained.

4) The analysis of dc-link voltage ripple has been extended also to three-phase multi-
level inverters, specifically three-phase cascaded H-bridge configuration (up-to 9-
level) and three-phase LDN configurations (up-to 17-level). The peak-to-peak dc-
link current and voltage ripple diagrams are presented and discussed. Simulation
verification of the results have been obtained.

5) The implementation of maximum power point tracking (MPPT) schemes by the rip-
ple correlation control (RCC) algorithm is discussed in case of multiple ripple har-
monics, as in the case of multilevel inverters. Different possible dP/dV estimations
have been proposed in case of multiple harmonics, and a specific case with level
doubling network (LDN) has been considered. The steady-state and transient per-
formances of the proposed RCC-MPPT schemes have been numerically tested and
compared by MATLAB/Simulink. Results have been verified by experimental tests
considering the whole multilevel PV generation system.
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By achieving the objectives listed above, a significant new knowledge has been
produced. This has been evidenced by the already published research papers that have
resulted from the thesis, which can be found within cited references.

Chapters 2-7 contain the original results from the research and therefore represent the
main contribution of this work.

1.3. Outlines and original contributions of the dissertation

Apart the Introduction (Chapter 1), the thesis is composed of different Chapters ac-
cording to the following organization:

Chapter 2
Basic RCC-MPPT scheme in single-phase H-bridge grid-connected PV systems

This chapter provides a survey on maximum power point tracking (MPPT) tech-
niques and proceeds with the basic implementation of ripple correlation control RCC-
MPPT algorithm in single-phase PV systems. Further on, a hybrid RCC-MPPT has
been proposed to smooth out the instability introduced by fast irradiance transients
and to overcome the estimation error of the voltage derivative of the power (dP/dV) in
the basic RCC-MPPT algorithm. RCC-MPPT algorithm has been implemented together
with the dq current controller and both the simulation and experimental validations
have been presented.

Chapter 3
Improvement of output power quality by Level Doubling Network (LDN)

This chapter reports the improvements of output power quality by multilevel in-
verter with level doubling network (LDN). Modulation principles and harmonic
analysis of output voltages have been proposed and introduced in details for both sin-
gle and three-phase LDN configurations.

Chapter 4

Analysis of dc-link current and voltage ripple: single-phase configuration

This chapter provides a detailed analysis of the dc-link current and voltage ripple
for H-bridge and LDN cells. In particular, the peak-to-peak dc-link current and voltage
ripple amplitudes are analytically calculated over the fundamental period as a function
of the modulation index for both the low-frequency and the switching ripple compo-
nents. Reference is made to sinusoidal output current with unity power factor, repre-
senting the working condition of the most of grid-connected inverters. Maximum
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peak-to-peak values of both low-frequency and switching frequency voltage ripple
components are effectively adopted to design the capacitors of both H-bridge and LDN
cells basing on the desired dc-link voltage ripple requirements. The analysis is accom-
panied with the numerical and experimental results.

Chapter 5

Analysis of dc-link current and voltage ripple: three-phase configuration

This chapter gives a complete analysis of dc-link voltage ripple for three-phase con-
figurations. First presented is the dc-link current and voltage ripple for three-phase H-
bridge configuration in case of both sinusoidal and centered PWMs. Further on, the
analysis is extended to three-phase LDN configuration. In particular, a detailed analy-
sis of the dc-link current and voltage ripple for H-bridge and LDN cells is provided.
The peak-to-peak dc-link current and voltage ripple amplitudes are analytically calcu-
lated over the fundamental period as a function of the modulation and in case of sinu-
soidal output current with unity power factor, representing the working condition of
the most of grid-connected inverters. Based on the DC voltage requirements, simple
and effective guidelines for designing DC-link capacitors are obtained for both H-
bridge and LDN cells. Results have been numerically tested by MATLAB/ Simulink.

Chapter 6

Improvement of RCC-MPPT in case of multiple dc-link voltage harmonics

The implementation of maximum power point tracking (MPPT) schemes by the
ripple correlation control (RCC) algorithm, in case of multiple ripple harmonics, is dis-
cussed in this chapter. Different possible estimations of the voltage derivative of the
power (dP/dV) have been proposed in case of multiple harmonics, and a specific case
with level doubling network (LDN) has been considered. The steady-state and tran-
sient performances of the proposed RCC-MPPT schemes have been numerically tested
and compared by MATLAB/Simulink. Results have been verified by experimental tests
considering the whole multilevel PV generation system.

Chapter 7

Conclusion and perspectives

The main conclusions of this dissertation based on simulation and experimental re-
sults are presented. Finally, chapter also provides few recommendations for future re-
search work.
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2. Basic RCC-MPPT scheme in single-phase H-bridge
grid-connected PV systems

2.1. Introduction

A maximum power point tracking (MPPT) control is necessary in photovoltaic (PV)
generation system in order to extract maximum power from the PV arrays. Several
MPPT techniques have been proposed and discussed in the literature. The most fa-
mous MPPT algorithms are based on perturb and observe (P&O) [1]-[4], incremental
conductance (IC) [1], [5], [6], open-Circuit Voltage [1], fuzzy logic [1], [7] etc. The pri-
mary challenges of the MPPT methods are the improvement of the settling time, sta-
bility, sensors required, simplicity, cost, MPP tracking capability and other aspects.
Among many papers presented in the literature, much focus has been on perturb and
observe (P&O) [2]-[4], [8]. The identification of an appropriate perturbation step size,
and the poor MPP tracking capability during sudden variations in sun irradiance limit
the use of the basic P&O and IC techniques. For this reason, alternative solutions have
been proposed. A modified P&O algorithms have been proposed [2], [4], [9] and a
tradeoff between accuracy and speed in selecting the step size has been considered to
improve the efficiency of these methods belong to the class of P&O algorithms.

In single-phase systems, the instantaneous power oscillations (100 Hz) can be ex-
ploited as internal perturbation to determine the MPP of the PV field. This method, re-
ferred to in the literature as ripple correlation control (RCC), leads to good perform-
ances in tracking the MPP. RCC-MPPT algorithm was proposed in [10]. In [11], [12],
two high pass filters (HPF), and two low pass filters (LPF) are required for the imple-
mentation of the RCC-MPPT algorithm. Moreover, only the sign of the product of
power and voltage ripple is used as a control signal to drive the operating point to-
ward the MPP instead of the estimation of dP/dV.

RCC is generally simple, fast, and does not require any external perturbation com-
pared to the other MPPT algorithms. However, the literature does not provide analysis
to improve the capability of the algorithm to track the MPP under sudden and large
variation of sun irradiance.

A modified RCC-MPPT method able to smooth out the instability introduced by
fast irradiance transients is proposed [13]. In particular, a “transient detector” is intro-
duced, able to switch the control mode between the standard RCC mode, in steady-
state operation, and the constant-voltage mode, during transients. In this way, the pro-
posed control scheme combines the fast response capabilities of RCC with the stable
behavior of constant-voltage controller during large sun irradiance transients. A fast dgq
current controller for regulating the power injected into the grid is considered to opti-
mize the dynamic performance [14]. The block diagram of the whole single-phase PV
generation system is shown in Fig. 2.1.
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Fig. 2.1. Block diagram of the single-phase PV generation system.
2.2. Basic implementation of RCC-MPPT algorithm

With reference to the single-phase grid-connected PV generation system of Fig. 2.1,
neglecting all the losses and assuming a unity power factor, the instantaneous ac
power is described as:

Pac = Vacige = Ve cosot [, cosmt = %Vaclac(l+C052mt) (2.1)

where Vi and I are peak values of inverter voltage and current, and o = 2nfis the grid
angular frequency (f= 50 Hz).

Neglecting the inverter losses, the switching ripple, and supposing the inverter in-
put voltage almost constant equal to (v=V), the input/output power balance is consid-
ered in (2.2):

V i" =mV cosot I, cosmt (2.2)

where m is the inverter modulation index (m = Va / V) and i" is the input averaged
current over the switching period (Tsw), representing the low frequency input current
harmonics, expressed as:

=T (2.3)
being I# the dc (average) component and i" the alternating double-fundamental fre-
quency component, expressed and readily obtained by (2.1) and (2.2):

_mly,
2

" (2.4)

- I
i =%c052wt=1’2’ cos2mt (2.5)
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The grid power (2.1) reflects in the same dc power, introducing PV voltage and PV
current oscillations at twice of the grid frequency (100 Hz). In case of single-stage PV
systems, where the inverter is directly connected to the PV field (PV panel including
the cable), the instantaneous PV voltage and current have three relevant components:
dc (average working point Q), alternating double-fundamental frequency, and
switching frequency components, according to:

v=V+0+Av=V+7
(2.6)

i=T+i+Ai=I+1

being V and I the PV voltage and current (average) components, v and i the alternat-
ing double fundamental frequency voltage and current components (i.e., 100Hz), and
Avand Ai the switching frequency voltage and current components, respectively. The
switching frequency component Av is strongly smoothed by the dc-link capacitor, and
it is usually negligible for switching frequencies starting from 5-10 kHz. It is assumed
here Av =0 as well as Ai=0.

Accordingly, the amplitude of the alternating component (100 Hz) of the PV volt-
age, V,, can be calculated on the basis of the amplitude of the input (dc) current

oscillation (2.5) and the whole dc-link impedance Z,, as

ml

Vy=2,l5 =2, 2.7)

being Z, the parallel impedance between the reactance of the dc-link capacitor Cx, and
Rpy the equivalent resistance of PV field, calculated at twice of the grid frequency (2f):

Z, = Rpy (2.8)
2 202 -~ 2
\/14‘4(}) RPVCH

Note that the equivalent PV resistance Rrv depends on the working point Q on the
I(V) characteristic of the PV field, and Ry, = Vypp/Iypp in the vicinity of the MPP.

Considering realistic parameter values for PV fields and dc-link capacitors, the as-
sumption Rpy >> 1/(2wCh) is generally satisfied, and Equation (2.8) becomes:

1
Z(DCH

Z, (2.9)

The amplitude of the PV current oscillation (double fundamental frequency) I can
be calculated based on the amplitude of the PV voltage oscillation (2.7) and the
equivalent PV resistance Rrv as:

=2 o tupp 1y (2.10)
2 RPV VMPPZ(DCH 2
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The dc-link voltage capacitance Ch can be designed, by (2.7), (2.9) and (2.10), on the
basis of the desired PV voltage and current oscillation amplitudes, usually set in the
order of few % of the MPP values. The higher the oscillation amplitude, the lower the
PV efficiency, being working point moved around the MPP. The lower the oscillation
amplitude, the lower the accuracy in determining the MPP, comparing to voltage and
current transducers noise and resolution.

The voltage derivative of the power dP/dV for the considered working point Q can
be expressed on the basis of the voltage derivative of the current dI/dV as

ar A4y 2.11)
dvly avi,

The dI/dV defines the relation between current and voltage oscillation as:

di| -
- ©
dvlg

1 =

2.12)

The I(V) characteristic has a negative slope, so current and voltage oscillations are
always in phase opposition, and in case of a single oscillation harmonic (100 Hz),
Equation (2.12) can be rewritten just considering the oscillations amplitudes:

an (2.13)
dVig  V;

The most popular RCC-MPPT implementation consists in multiplying the voltage
oscillation by the current oscillation, and integrating over half of grid period T/2 (i.e.,
calculating the 100 Hz moving average, MAvg) as:

t

[i5dt
e (2.14)
avly” Tt

Iv dt

t=T/2

It should be noted that, introducing the hypothesis of single voltage and current os-
cillation harmonics (2" harmonic), and simplifying (2.14) leads back to (2.13) as fol-
lows:

arl LV, I,

vl vZ v,

(2.15)

The block diagram representing the estimation of dP/dV by previous calculations is
summarized in Fig. 2.2.
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Fig. 2.2. Block diagram of the basic RCC algorithm to estimate dP/dV
using a MAvg over T/2 (100 Hz).

In general, the estimation of dP/dV by (2.11) is fast and precise in steady-state or
“near” steady-state working conditions. Indeed, it suffers the drawback of fluctuations
and inaccuracy during fast transient of sun irradiance. As a consequence, MPPT algo-
rithms using this estimation of dP/dV as a voltage error signal in finding the MPP re-
sult in overshoots and long settling times in case of fast sun irradiance changes. This
occurrence is presented in more details by simulation results given in the following.

2.3. The proposed regulator system

2.3.1. Overall control scheme

Fig. 2.1 shows the configuration of the considered single-phase grid-connected PV
system. It consists of a photovoltaic field connected to the grid by a H-bridge inverter.
This structure avoids the use of intermediate dc-dc converters, increasing reliability
and efficiency of the conversion system.

Fig. 2.3 shows the block diagram of the whole control scheme. The RCC algorithm
is used to estimate the voltage derivative of the power, dP/dV, driving the working
point toward the MPP and determining the reference grid current I,". In particular, I’
can be calculated by using either a feed-forward based on a power balance, Fig. 2.3 (a),
or by using a voltage controller, Fig. 2.3 (b). A dq current controller regulates the PWM
inverter in order to inject sinusoidal grid current with unity power factor. In particular,
the inverter voltage equation at the grid side can be written as follows:

) dig
Ve =Rpig +Lg d(t +0

. (2.16)

where v. is inverter output voltage, vs and is are grid voltage and grid current, respec-
tively; Rr and Ly are resistance and inductance of the ac-link inductor, respectively.
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i
q (a)feedforward )
Fig. 2.3. Block diagram of the whole control scheme.
By applying Park’s transform, (2.16) can be expressed as:

, iy
), % Lo ) < (5 @

dt

The block diagram of the dq current controller applied to the considered grid-

connected inverter is depicted in Fig. 2.4.

-

*

id=1g

H-bridge

&

Fig. 2.4. dg current controller for single-phase H-bridge inverter [14].

In this control strategy, grid voltage and current are transformed from the

of reference frame to the dg reference frame (Fig. 2.1). A phase-locked loop (PLL) algo-

rithm is used to determine the phase angle 9 of the grid voltage, even in the presence

of noise or higher order harmonics.
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In particular, direct and quadrature currents, iz and i, are used to control active and
reactive powers, respectively. The reference direct current is set to I, determined by
the MPPT algorithm (Fig. 2.3), whereas the reference quadrature current is set to zero
in order to maintain unity power factor.

2.3.2. The proposed hybrid RCC-MPPT

In order to overcome the estimation error of dP/dV during fast sun irradiance tran-
sients in basic RCC-MPPT algorithms, a modified control scheme is proposed, accord-
ing to Fig. 2.5. The reference grid current I;" is calculated by using a feed forward (Fig.
2.3 (a)). The MPPT algorithm has two separate control modes:

e the RCC mode, active during steady-state or “near” steady state conditions (h = 0);
¢ the constant-voltage regulation mode, during large sun irradiance transients (# = 1).

Basically, it is a hybrid algorithm alternating between these two control modes to
track the MPP for any steady-state or transient operating conditions, specifically de-
termined by a “transient detector”. In particular, the RCC mode consists in the basic
RCC implementation described in the Section 2.2, as represented in the upper part of
Fig. 2.5, being active when the detector does not sense a transient (h = 0).

The constant-voltage mode regulator implements a dc (PV) voltage regulator, active
when a transient is detected (h = 1), having as the voltage reference signal the last
measured voltage before the transient detection. This function is implemented by a
sample and hold (S&H) block driven by the opposite logic of the signal F.

There are different algorithms for detecting transients. The attention has been fo-
cused on the PV current, which is an unsmoothed variable with high dynamic.

In particular, an estimation of the PV current derivative (Di) is implemented by cal-
culating the current variation in a given time interval (T;) and normalizing by the PV
short circuit current (I«). The time interval should be a multiple of the 100 Hz oscilla-
tion period (i.e., 10 ms) to make the detector immune from these steady-state current
oscillations. The transient sensitivity of the detector can be adjusted by setting the
threshold e for determining the detector output & as

|0 if Di<e steady-stae 918
“|1if Di>e transient @18
i(t)—i(t—T,
being Di= M (2.19)

I

sc

In principle, the dc (PV) voltage kept constant by the voltage reference provided by
the S&H during huge sun irradiance transient (1 = 1), since the MPP voltage doesn’t
change appreciably. As the sun irradiance is over (h = 0), the RCC-based regulator
regularly tracks the MPP, the dP/dV estimation being stable and precise.
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Fig. 2.5. Block diagram of the proposed hybrid RCC-MPPT algorithm.

2.4. Simulation results

The single-phase single-stage grid-connected photovoltaic system shown in Fig. 2.1
has been numerically implemented by MATLAB-Simulink on the basis of the parame-
ters shown in Table 2.1. A string of series/parallel connected PV modules has been
adopted as PV source, according to the data given in Table 2.2 (STC). In particular, PV

modules are SP-305 type (96 cells, monocrystalline).

Table 2.1. Simulated System Parameters.

Parameter Symbol Value
Grid voltage (rms) Ve 230V
Ac-link inductor Ly, Ry 10 mH, 0.1
PI regulator Kp, Ki 20,10
Dc-link capacitor Cu 10 mF
Switching frequency fow 10 kHz

Table 2.2. PV Array Specifications (STC).

Parameter Symbol | Value
Open circuit voltage Voc 642V
Short circuit current Isc 596 A
Maximum photovoltaic voltage Vwmer | 547V
Maximum photovoltaic current Impp 558 A
Number of series-connected modules Ns 9
per string

Number of parallel strings Nr 3
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In order to evaluate the different performances between the proposed hybrid RCC
scheme and the basic RCC-MPPT algorithm, the following scenarios have been consid-
ered, comparing the simulation results:

1. Ramp variation of sun irradiance (soft transient).
2. Step decreases of sun irradiance (huge transient).
3. Step increases of sun irradiance (huge transient).

For all these cases, the quantity Di of the transient detector defined by (2.19) has
been calculated. The threshold has been set to € = 0.1, and the detector is disabled in the
case of basic RCC algorithm.

A. Simulations of the basic RCC-MPPT algorithm

For the first scenario, the initial value of irradiance is 1000 W/m?, decreasing line-
arly to 500 W/m? in a period of 200 ms. The cell temperature has been considered con-
stant (25°C) during simulations. It can be seen in Fig. 2.6 that the transient is almost
smoothed and the resulting estimation of dP/dV is acceptable (Fig. 2.6 (b)). Note that Di
always remains below the threshold €= 0.1 (dashed line in Fig. 2.6 (c)), this meaning
that (2.19) did not get out the limit of the detector threshold. Also, it is clear that the PV
current and the PV voltage can follow the MPP under this kind of smooth irradiance
change.

Irradiance(W/m?*)
1000 - T T T T B
x o
o -(IJ"/cIV ‘ ‘ I ‘ ‘

0 ——\‘“——-—-‘MFJ\\_—_-___—__ (b)

Di

(c)

20

15

1 @

520
500 1 (e)
480 s

460

100 = T T " T -
0 (1)
=100
| I .

0.4 0.5 0.6 0.7 0.8 0.9 1
Time(s)

Fig. 2.6. Irradiance ramp decrease: (a) irradiance, (b) power derivative, (c) detector signal
(now disabled), (d) photovoltaic current (e) photovoltaic voltage, and (f) grid current,
in case of basic RCC-MPPT algorithm.
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Fig. 2.7 shows the same transient as Fig. 2.6 in the typical P(V) diagram. The oper-
ating point moves from the first MPP, before the irradiance transient, to the new MPP,
after the transient. Once the new steady-state is reached, only small oscillations persist
around the new MPP.

pv
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Fig. 2.7. Effects of a 50% irradiance transient of PV power
vs. PV voltage in case of ramp decreases in irradiance.

Simulation results for step increase and decrease of sun irradiance are presented in
Fig. 2.8 (left) and Fig. 2.8 (right), respectively. A huge transient can be observed in both
cases, causing an extremely wrong estimation of dP/dV (Fig. 2.8 (b)), introducing over-

shoots in dc link voltage (Fig. 2.8(e)) and large distortions in the grid current (Fig.
2.8(f)).
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Fig. 2.8. Irradiance step increase: (a) irradiance, (b) power derivative, (c) detector signal
(now disabled), (d) photovoltaic current (e) photovoltaic voltage, and (f) grid current,
in case of basic RCC-MPPT algorithm.
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In these two cases, Di get out the threshold € (dashed line in Fig. 2.8 (c)), and the
detector (now disabled) could easily recognize the transients.

At the end of the transient introduced by the step irradiance changes, i.e., after
about 20-30 ms, the estimation of dP/dV becomes correct again, and the operating point
is correctly driven toward the MPP. Also for these transients, the path of the operating
points are displayed on the typical P(V) diagrams in Fig. 2.9.
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Fig. 2.9. Effects of a 50% irradiance transient of PV power versus PV voltage: step increase of
irradiance (left), step decrease of irradiance (right).

A possible remedy to overcome the problems introduced by the wrong estimation
of dP/dV is the application of a low-pass filter (LPF) to smooth the misleading oscilla-
tion of dP/dV, as shown in Fig. 2.2 (dashed rectangle). However, this solution intro-
duces a delay in the voltage control loop, slowing down the MPP tracking speed.

B. Simulations of the proposed hybrid RCC-MPPT algorithm

As stated in Section 2.3.2, the proposed solution to overcome overshoots and dis-
tortions introduced by the wrong estimation dP/dV consist in determining when this
estimation is trustworthy, selecting a constant-voltage-mode instead of the RCC-mode
when a huge sun irradiance transient is detected. The RCC tracking mode is restored
as the transient is recognized to be over.

The simulation results corresponding to the same sun irradiance step presented of
Fig .2.8 (left) and Fig. 2.8 (right) are given in Fig. 2.10 (left) and Fig. 2.10 (right), with
reference to the proposed hybrid RCC scheme (Fig. 2.3).

Now the transient detector is enabled, and the control system swaps from the RCC-
mode to the constant-voltage-mode as the quantity Di overcomes the threshold €= 0.1,
i.e., h becomes unity. The reference voltage is kept constant to the last sensed value (be-
fore the transient, when h was zero) by the S&H, directly driven by 4 = NOT(h) . Note
that the transient is detected for a period of 20-30 ms, corresponding to the duration of
the misleading dP/dV oscillations observed in Figs. 2.10 (left) and (right), preventing
dc-link voltage overshoots and grid current distortions.
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Fig. 2.10. Irradiance step increase: (a) irradiance, (b) power derivative, (c) detector signal
(enabled), (d) photovoltaic current (e) photovoltaic voltage, and (f) grid current, in case of the
proposed hybrid RCC-MPPT algorithm.

As the effect of the sun irradiance step is over, Di suddenly falls and & becomes
zero. The control system turns back to the RCC-mode and the new MPP is smoothly
tracked by a correct estimation of dP/dV.
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Fig. 2.11. Effects of a 50% irradiance transient of PV power versus PV
voltage: step increase of irradiance (left), step decrease of irradiance (right).

Similar results can be found using the voltage controller (solution Fig. 2.3 (b)) in-
stead of the feed-forward (Fig. 2.3 (a)) in order to calculate the reference grid current
I". In this case a limitation of the dP/dV can be used to saturate the wrong estimation of
the dP/dV. It has been proved that calculation the reference grid current using the
voltage controller is a more robust and stable solution for this reason the experimental
results will be obtained by implementing the voltage controller (Fig. 2.3, scheme (b)).
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2.5. Experimental results

In order to verify the expected behavior of the control scheme by a simple integral
voltage controller (Fig. 2.3, (b)), preliminary experimental results are presented with
reference to the basic H-bridge configuration (Fig. 2.12) and RCC-MPPT algorithm.

R. L,

i i H — Bridge

> ir JG JG ifc NLY)\(/\ l.g N Grid

- | JG i 4 [1:10

Fig. 2.12. Complete scheme of the experimental setup.

The employed experimental setup is shown in Fig. 2.13. It includes a DSP board
(TMS320F28377D) programmed by Code Composer Studio (CCS), also employed to
change all the parameters of the regulators in the real time. The single-phase H-bridge
inverter has been implemented by a power IGBTs module IPM PS22A76 (1200 V, 25
A), driven by the DSP board via intermediate optical links. The inverter output is con-
nected to the grid trough LC filter and isolation transformer with a turn ratio of 1:10.
Further details about the experimental setup are given in Appendix A.

Fig. 2.13. View of the preliminary experimental setup.
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Additionally, two current transducers model LA 55-P (LEM® company) were
used to measure PV current and grid current while PV voltage and the grid voltage
were measured using two voltage transducers model LV 25-P (LEM® company).

Considering an operating point around the MPP, a PV module can be linearized
with voltage source with a series resistance Rev =Vmrp/Imrr, according to the Thevenin
equivalence. In order to change the operating point, preliminary experimental tests
have been carried out considering a step change in the series resistances as shown in
Fig. 2.12. In order to change the operating point, the transient has been done by short-
circuiting one of the two series resistances (R: and Rz). The system parameters are

given in Table 2.3.
Table 2.3. System parameters.

Parameter Symbol Value
Equivalent dc voltage supply Vs 80V
Dc source resistances R1, R> 400,20 Q
Resistance of cable connection Rc 05Q
Inductance of cable connection Le 39 uH
Dc-link H-bridge capacitance Cu 1 mF
AC filter capacitance Cr 25 uF
Filter resistance and inductance Ry, Lf 0.77 Q, 4.5 mH
Switching frequency fow 5kHz
Fundamental frequency f 50 Hz

| - 2ms/ div

L75.0 v
L4.280ms

Fig. 2.14. Grid voltage and current at maximum power point (top traces)
and the inverter output voltage (bottom trace).
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Fig. 2.14 shows the steady-state behavior of the system including a dc voltage
source V=80 V and a series resistance R = Ri+ Ro.

As expected, the MPP voltage is equal to the half of the dc voltage source (40V in
this case) also it is clear that the grid current and voltage are in phase which prove the
effectiveness of the current controller as well as the RCC-MPPT algorithm. The single-
phase H-bridge system produces inherent current and voltage oscillations at twice of
fundamental frequency (100 Hz) as known and as shown in Fig. 2.15. Both voltage and
current oscillation amplitudes can easily be calculated based on Equations (2.7) and
(2.10), respectively.

YOKOGAWA 4 2017/07,/07 15:52:29 N o5 Edge Line
Al

50ms/div |

Fig. 2.15. Grid voltage and current at maximum power point (top traces), dc (PV) current
(middle trace) and dc (PV) voltage (bottom trace).

Experimental results for step increase and decrease of series resistances are pre-
sented in Fig. 2.16. In this case of transient, the operating point changes from one to
another keeping the MPP voltage always around the half of the dc voltage source Vs as
expected. It can be noted that the estimation of the dP/dV (blue trace) is correct and sta-
ble in steady state. However, as generally known for RCC-MPPT algorithm, it is oscil-
lating during the step resistance transient, introducing dc-link voltage overshoots, ac-
ceptable grid current fluctuations (Fig. 2.16). The scale coefficients of the measurement
quantities and the scope signals are given in Table 2.4.

The results presented in both steady-state and transient conditions confirm the
comprehensive performance of the RCC-MPPT algorithm considering the voltage
controlled (Fig. 2.3, scheme (b)).
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YOKOGAWA € 2017/09/07 11:55:38 NormiHlisRes  Edge line
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Fig. 2.16. Step increase (left) and decrease (right) in resistance. Top traces: grid current (green)
and voltage (pink). Bottom traces: dc-link voltage (green) and estimation of dP/dV (blue).

Table 2.4. Scale coefficients.

Transducer gains Value
Grid current 11.79 A/ 3.3V
Grid voltage 120V/33V
dc current 2.75 A/33V
dc -link voltage 112V/33V

2.6. Discussion

As known, one of the critical aspects of the RCC-MPPT is its behavior during fast
irradiance changes, since it works properly only in steady-state or nearly steady-state
operating conditions, misestimating dP/dV in transient conditions. The fastest control-
ler includes the calculation of the reference grid current by the estimated dP/dV with a
feedforward compensation, according to Fig. 2.3, scheme (a). This regulation scheme
suffers fast irradiance transients introducing huge oscillations in the operating point. A
possible solution to overcome this drawback has been proposed and discussed, intro-
ducing a hybrid controller (Fig. 2.5) with a transient detector. Despite this solution has
been found fast and effective in simulation tests, for real applications it has been found
more practical to introduce a pure voltage controller, generating the reference PV volt-
age by a simple integral controller, even without any feedforward, according to the
scheme (b) in Fig. 2.3. In this way, the integral function is able to filter itself the mises-
timated peaks of dP/dV, introducing lower MPPT dynamics but with more stable per-
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formances. For this reason, in the following experimental implementations (including
the proposed multilevel grid inverter) the integral voltage controller has been adopted.
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3. Improvement of output power quality by Level Doubling
Network (LDN)

3.1. Introduction

In recent years, multilevel inverters have become more attractive for both single
and three-phase systems, due to many advantages that they have over conventional H-
bridge pulse width-modulated (PWM) inverters. They offer improved output wave-
forms [1]-[3], smaller filter size, lower total harmonic distortion (THD), higher output
voltages [4] and others [5], [6].

The most common multilevel converter topologies, presented in the literature, are
neutral-point-clamped (NPC), flying capacitor (FC) and Cascaded H-Bridge (CHB)
converters [7]-[12].

In both NPC and FC configurations, the number of additional components (diodes
or capacitors) drastically increases with the number of levels, leading to lower reliabil-
ity, higher complexity, volume, and cost. Increasing the number of levels using the cas-
caded H-bridge configuration is a more flexible solution; it doesn’t require additional
components but it needs an isolated dc power source for each H-bridge unit.

In order to reach a compromise between the number of output voltage levels and
the number of components in single-phase inverters, several hybrid and asymmetric
topologies of multilevel inverters have been proposed in the literature [13]-[17].

In [16], a novel PWM modulation strategy has been proposed for the FC asymme-
tric H-bridge (FCaHB) where six power switches and one capacitor are needed as
shown in Fig. 3.1 (left). A design of the flying capacitor has been presented taking into
account only the dc-link voltage ripple at the switching frequency.

A NPC asymmetric H-bridge (NPCaHB) topology has been proposed in [13], but
this solution needs an additional capacitor and two additional diodes comparing to
FCaHB topology as shown in Fig. 3.1 (right).

Another interesting asymmetric multilevel inverter topology is the cascaded
asymmetric H-bridge (CaHB), which is based on a modular half-bridge (two switches)
cascaded to a full H-bridge in order to double the output voltage level (also called level
doubling network, LDN). This solution is considered in this thesis and is equivalent to
the FCaHB, but with a different arrangement of the half-bridge. It is becoming popular
due to its simple, modular and reliable structure and it can be considered as a retrofit
which can be added in series to existing H-bridge configurations in order to double the
output voltage levels.
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Fig. 3.1. Basic circuit schemes of the single-phase FCaHB multilevel inverter (left) and the

NPCaHB equivalent counterpart (right).

As well as single-phase ones, three-phase multilevel inverters are commonly used
in many applications such as variable speed ac drives, uninterruptable power supplies
(UPS), grid-connected and stand-alone renewable generation systems, etc. Different
PWM control techniques have been investigated and proposed in order to reduce the
output voltage and current distortion and improve other performances [18]-[20].
Amongst all of them, carrier based PWM (CB-PWM) and space vector PWM (SV-
PWM) techniques are the most employed ones due to well-defined harmonic spectrum
and fixed switching frequency. In most applications, the CB-PWM technique is
preferably used due to reduced computational time and easy implementation [21].

With reference to three-phase three-level multilevel inverters, FC, NPC and H-
bridge configurations are shown in Figs. 3.2 and 3.3.

The three-phase LDN topology has been presented in [5] and the concept of self
balancing capability of the capacitor was analyzed. In [5] and [14], only nearest voltage
level control (staircase modulation) has been developed to support the LDN operation.
However, the PWM modulation strategy for single and three-phase LDN inverters has
not been reported in the literature yet.

G B B

Fig. 3.2. Three-level inverter, FC configuration (left) and the NPC configuration (right).
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Fig. 3.3. Three-level H-bridge configuration.
3.2. System configuration and modulation principles

3.2.1. System configuration

A. Single-phase

Fig. 3.4 presents a multilevel inverter connected to a sinusoidal ac output current
source (i) with unity power factor, which is the basic assumption to represent most of
the grid-connected applications. In particular, the multilevel inverter is realized by
cascading the full H-bridge (supplied by a constant dc source voltage V) to an addi-
tional half-bridge (LDN) supplied by a floating capacitor to smooth the dc-link voltage
oscillations.

~,

H — Bridge

Fig. 3.4. Block diagram of single-phase CaHB multilevel inverter (H-bridge and LDN).

A proper PWM pattern has been adopted, as described in the next sub-section,
providing for a self-balancing mechanism. In particular, the steady-state LDN average
dc-link voltage is automatically kept around the half of the dc-link voltage of the H-
bridge, i.e. vL = V/2, as proved in [5] for symmetric LDN operations.
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The instantaneous output voltage v«, normalized by V and averaged over the
switching period (Tsw=1/fw), is determined within a linear modulation range as:

Uy = u;C =u,. =msind (3.1)

being ua the normalized reference output voltage, 8 = wt the phase angle, w=2m/T the
fundamental angular frequency, T is fundamental period, and m the inverter modula-

tion index.

B. Three-phase

The single-phase H-bridge LDN configuration can easily be extended to a three-
phase configuration, as shown in Figs. 3.5 and 3.6.

{

PhaseA .p Phase B H Phase C iH
1A H — Bridge B H — Bridge C H — Bridge

K

5T Qc
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Fig. 3.5. The three-phase H-bridge LDN configuration with three separated dc-links.
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Fig. 3.6. The three-phase H-bridge LDN configuration with a single dc-link.
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The three-phase scheme depicted in Fig. 3.5 includes three H bridges and three LDN
legs, each one is connected to a separate dc-link capacitor. With the advantage of
reducing from three to one the dc-link capacitors, and the possibility of mitigating the
low-frequency voltage ripple, i.e., reducing the capacitor size, the three LDN legs can
be grouped in a single dc-link as shown in Fig. 3.6.

It should be noted that the two above mentioned schemes can be realized with the
same number of power switches (i.e. 6 per phase, 18 in all).

3.2.2. Modulation principles

A. Single-phase

In order to obtain a proper multilevel output voltages waveform with self-balancing
capability (LDN normalized voltage is equal to 1/2), a modulating signal for the LDN
is proposed in the following original compact form:

u for |u,<0.5
L{;C _ | LZC| | ﬂC| (32)

1-|u, | for |u,]>0.5

For the H-bridge, the modulating signal can be obtained as
u;zlc =Uge— u¢ch (3.3)
leading to the following original compact form:
it Jtac ~[ut] for |u,]<0.5 54
“ uuc—1+|uuc| for |uﬂc|20.5 .

Modulating signals (3.1)-(3.4), and corresponding normalized instantaneous output
voltages of the whole inverter, the H-bridge, and the LDN are depicted in Fig. 3.7
(from top to bottom) in case of modulation indexes 0.5 and 1, respectively.

1
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o ||uunnﬂum1|mmm% - | ur%

0 0. 0.02 0 0.01 0.02
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Fig. 3.7. Modulating signals and instantaneous output voltage normalized by V in case of m =1:
total (top), H-Bridge (middle), LDN (bottom) in case of m = 0.5 (left) and m =1 (right).
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Phase disposition modulation is adopted for the two HB carriers. The halved posi-
tive carrier is inverted and adopted for modulating the LDN to guarantee the
synchronization as depicted in Figs. 3.8 and 3.9 for two cases of modulation indexes.
Note that modulating signals coincide with normalized output voltages averaged over
the switching period in the linear modulation range (0 <m <1).

H-bridge m=0.5

Fig. 3.8. Modulation principle for multilevel PWM: carriers and modulating signals
for H-bridge (left) and LDN (right) in case of m =0.5.

Fig. 3.9. Modulation principle for multilevel PWM: carriers and modulating signals
for H-bridge (left) and LDN (right) in case of m =1.

As an alternative way to modulate the proposed LDN multilevel inverter, a level
shifted modulation can be implemented as shown in Fig. 3.10.

A

Fig. 3.10. Modulation principle for multilevel PWM.

B. Three-phase

The traditional method for generating the switching patterns in three-phase invert-
ers with CB-PWM is the use of sinusoidal wave reference and its comparison with a
triangular wave carrier signal known as sinusoidal modulation (SPWM).
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In case of SPWM, the modulation principle for the single-phase converter can be di-
rectly applied to the three phases, and the sinusoidal references signals for phase A, B
and C are written as:

uj. = msin(9)
Uge =msin(§ - Zm) (3.5)

Ug. =msin(9+ %)

In order to modulate the three phase H-bridge LDN configuration, level shifted
modulation (Fig. 3.10) has been used. By utilizing the same modulating signals of the
single-phase LDN configuration and considering (3.5), the normalized modulating sig-
nals for the LDN cell (L) can simply be derived for each phase as:

i - g for |u;|<0.5 56)
a1 s  for |us|>0.5 ‘
" | _ |u§c| for |u,§c|£ 0.5 67)
S big ~ for |us]=0.5 '
" | _ |u§c| for |u,§c|£ 0.5 -
e h- hg| — for |ug|=0.5 ‘

As for the LDN cell, modulating signals for the H-bridge cell (H) can be written as:

; g —|un for [u;.|<0.5
= g —1+us|  for [us|>0.5 39
ac ac ac|— >
] = e —[tac] for |u.|<0.5 (310)
* \uge—1+[ug|  for |us =05
] = U —[ug| for [ug,|<0.5 311)
el Uge—1+Jug|  for [ug|>0.5 '

The instantaneous voltages and the modulating signals are shown in Fig. 3.11 for
the two relevant cases of m =0.5 and m = 1.
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Fig. 3.11. Normalized load voltage, inverter voltage, and individual HB and LDN voltages
(top-to bottom) with associated modulating signals in case of m = 0.5 (left) and m =1 (right),
for SPWM.

As known, a common-mode signal cn can be injected into the individual inverter
voltages, leaving a degree of freedom to the modulation strategy in case of three-phase
PWM. In this case, (3.5) becomes:

u;. =msin(8)+c,,(9)
Uy =msin(9—2m)+c,,(9) (3.12)
Uge =msin(9+2m)+c,,(9)

The common-mode signal is usually determined in order to maximize the linear

modulation index range and/or to reduce the output current ripple.

Various common-mode methods have been developed so far [22], [23]. The typical
common-mode waveform used is a SPWM + third harmonic described as:

o = ém sin(39) (3.13)

In general, the common-mode signal has a triangular waveform (with triple-
fundamental frequency), resulting from the centering of the sinusoidal modulating sig-
nals (CPWM) known also in the literature as min-max modulation and given by:

Cy = _% [maﬂugc'ugcluzgc)"' min(u;‘c'ugclu;c)] (3'14)
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The common-mode injection min-max can be approximated as a triangular wave-
form and can be written as a Fourier series as:

O = Z—T[sin(BS)—%sin@S)} (3.15)
n
Introducing (3.15) in (3.12), leads to:
2 2
Uy =m sin(9)+—72nsin(3 S)——n;sin@ 9)
i 9n
R . 5 2m 2m
Uy =M sm(9—§n)+—zsm(3 9)—9—251n(9 9) (3.16)
T T

Uge = msin(9+2m)+ 2—Tsin(3 8)—Z—W;sin(9 9)
T In

By introducing (3.12) in (3.6) and (3.9), the normalized LDN and H-bridge modulat-
ing signals of the phase A can be written in case of CPWM as:

| Im sin(9) +c,,,(9), |m sin(9) + ¢, (9)|<0.577 617
U 1= fmsin(9) + ¢,y ()|, [msin(9)+c,,(9)[>0.577 '
| - msin(9) +c,,(9) ~|m sin(9) +c,,, ()], |m sin(9)+c,,(9)|<0.577 (318)
U msin(8)+¢,,(9) -1+ |msin(9) +¢,,(8),  |msin(9)+c,,(8)20.577
1.5 1.5
1 1
0.5 .5
(1] 0
0.5 % 0.5
: ;
1_,” 0.0 002 - 0 0.01 0.02
1
n.; 0.5
) % 0
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]” o 002 ]cr 0.01 0.02

Fig. 3.12. Normalized load voltage, inverter voltage, and individual HB and LDN voltages (top-
to bottom) with modulating signals in case of m = 0.577 (left) and m = 1.15 (right), for CPWM.
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The same for phases B and C considering the displacement of 120°.

The normalized load voltage, inverter voltage, and individual HB and LDN volt-
ages with associated modulating signals for the two relevant cases of m = 0.577 and m =
1.15, corresponding to the new modulation boundaries in case of centered PWM are
depicted in Fig. 3.12. With the three-phase H-bridge LDN configuration (Fig. 3.6), the
load voltage levels can be upto 17 (m=1.15), resulting from upto 5 levels in the inverter
voltage.

3.3. Harmonic analysis of output voltages

A. Single-phase

In order to determine the output voltage harmonics, the symmetry of the LDN volt-
age can be exploited, according to the waveforms shown in Fig. 3.7. In particular, the
harmonic spectrum contains only even harmonics with cosine terms.

The normalized LDN output voltage averaged over the switching period, i.e., the
LDN modulating signal (3.2), can be written in terms of harmonics as

g = Ug+ Y Uy cosk9) (3.19)
k=2
where U is the average component and | U, | is the amplitude of k harmonic compo-
nent, being k an even number. The amplitude of these components are calculated
analytically as:

3m form<0.5
U, = 72‘ (3.20)
;[m+g—arcsin(l/2m)—\/4m2—1} form>0.5
—% (kzm D for m <0.5
Uy = (3.21)
4 [Ak +Bk] for m >0.5

T
The expressions of the coefficients Ax and B in Equation (3.21) are given in the
Appendix B. Fig. 3.13 shows the normalized amplitudes of low-order LDN output
voltage harmonics over the whole modulation index range.
According to Equations (3.3) and (3.19), the normalized output voltage of the H-
bridge is written as:

upe=— Uy +msin(9)- Y. Uy cosk9) (3.22)
k=2
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Fig. 3.13. Normalized amplitudes of low-order LDN output voltage harmonics
as a function of modulation index.

The amplitudes of the harmonics in Equation (3.22) can be determined considering
Equations (3.20) and (3.21). Comparing Equation (3.22) with Equation (3.19) it is evi-
dent that, comparing to the LDN, the H-bridge has an additional 1st harmonic compo-
nent U; = m. Fig. 3.14 shows the normalized amplitudes of low-order LDN output volt-
age harmonics over the whole modulation index range.
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Fig. 3.14. Normalized amplitudes of low-order H-bridge output voltage harmonics
as a function of the modulation index.

B. Three-phase

In case of SPWM and three-phase inverter topology, the output voltage harmonics
for each phase are exactly the same as for single-phase, for both H-bridge and LDN
cells, as described in (3.19)-(3.22). The amplitudes of low-frequency H-bridge and LDN
output voltage harmonics for phase A are exactly the same as those depicted in Figs.
3.13 and 3.14.

In case of CPWM and with reference to phase A, the normalized modulating sig-
nals for H-bridge cell (3.6) and LDN cell (3.9) can be expressed in terms of the harmon-
ics as:

uye|, = Ug+ Y. Uy cosk9) (3.23)
k=2
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H
acl

=— Uy +msin(9)— Z Uy cosk9) (3.24)
k=2

On the basis of (3.12) and (3.15), the amplitudes of U, and U} in case of CPWM

have been calculated analytically for m < 0.5. However, due to the cumbersome

u

calculations for m > 0.5, they have been calculated numerically.
For m < 0.5, Fourier terms of the output voltage harmonics of both H-bridge and
LDN cells are calculated analytically as:

2 2 2
Uy= Zml1+—2 = 3.25
0" n [ 3n2 817:2} (5.25)

4 m 24 m
Up=-——5 "3 (3.26)
T (k*-1) = (k*-9)

Figs. 3.15 and 3.16 show the normalized output voltage harmonics of LDN and H-
bridge cells, respectively, over the whole modulation index range (calculated numeri-
cally for m > 0.5, dashed lines), for k= 0, 2, 4, 6 and 8 in case of CPWM.
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Fig. 3.15. Amplitudes of low-frequency LDN output voltage harmonics as a function of the
modulation index in case of CPWM. For m > 0.5 (dashed line) it has been calculated numerically.
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Fig. 3.16. Amplitudes of low-frequency H-bridge output voltage harmonics as a function of the
modulation index in case of CPWM. For m > 0.5 (dashed line) it has been calculated numerically.
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3.4. Output current ripple analysis

With reference to single-phase LDN configuration (Fig. 3.4), the number of output
voltage levels is increased from three (basic H-bridge configuration) to five keeping the
same maximum amplitude (the same rated power). It is known that increasing the
number of output voltage levels leads to a decrease in the output current ripple. With
reference to a circuit in which the output filter of the converter is formed only by an
inductance Ly, the output current ripple analysis of the 5-level topology and of a basic
full-bridge topology driven by unipolar PWM are reported in [13] and [24]. In particu-

lar, the peak-to-peak current ripple i for both 3-level (3L) and 5-level (5L) inverter

ac,pp
is normalized as follows:

~ TV

iu3cL,pp = st rsg,pp (3.27)
f

~ T,V

s 5L _ Sw T’SL (328)

1 =
ac,pp Lf ac,pp

being Tsw the switching period, V' the dc supply of the inverter, and r,.,, the

normalized output current ripple of 3-level (3L) and 5-level (5L) inverter, respectively:

ot pp =m (1-msing)sind (3.29)
. m|sin9| (1—2m| sin9|) m|sin9|< 0.5 3,30
facpp = (m|sin9|-0.5) [1—2(m| sin8|—0.5)] m|sing| > 0.5 (350

The distribution of the normalized peak-to-peak output current ripple over half of
the fundamental period of three-level inverter (3.29) and the proposed five-level in-
verter (3.30) is depicted in Figs. 3.17 and 3.18, respectively, for four cases of the
modulation index m =[ 0.25, 0.5, 0.75, 1].

3L 0.3

]
' > =
0.2 / \> _< \ =—m=0.25
0.15 » { m=0.5
1 /AR A R |
w /NS \) —m

’ 0 30 60 90 120 150 9 180

Fig. 3.17. Peak-to-peak current ripple of 3-level inverter for four modulation indexes,
m=0.25, 0.5, 0.75 and 1, in the phase angle range [0, 180°].
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Fig. 3.18. Peak-to-peak current ripple of 5-level inverter for four modulation indexes,
m=0.25,0.5,0.75 and 1, in the phase angle range [0, 180°].

It can be noted that peak-to-peak current ripple ;;épp

a wide excursion over the half fundamental period, generally ranging between 0 and

in case of 3-level inverter, has

0.25 (Fig. 3.17). However, it ranges between 0 and 0.125 in case of five-level inverter
(Fig. 3.18).

The maximum of the normalized peak-to-peak current ripple for three and five-
level inverter is analytically obtained, respectively, as follows:

3L|max_ m(l—m) ; 0<m<0.5 331
ac “11/4 ; 0.5<m<1 (3.31)
s ymax m(1-2m) ; 0<m<025 250
”C| T 11/8 2 0.25<m<1 (3.32)

In order to show the behavior of the maximum peak-to-peak output current ripple

max

as a function of modulation index, Fig. 3.19 represents the normalized functions 7,

defined by (3.31) and (3.32) for the 3-level and 5-level inverter.
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Fig. 3.19. Maximum of normalized peak-to-peak output current ripple
as a function of modulation index.
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It is clear, as expected, that the maximum current ripple for a five-level inverter is al-
most the half of the maximum current ripple compared to a three-level inverter, except
for the low modulation indexes. The output current ripple decreases with the increase
of the output voltage levels.

3.5. Discussion

The considered multilevel conversion scheme (Fig. 3.4) can be compared with the
basic H-bridge conversion scheme from the point of view of the overall efficiency. In
particular, a comparative estimation of power losses can be carried out introducing
some simplifying assumptions. The following considerations can be also applied to
each phase of the three-phase multilevel configuration (Fig. 3.6).

Generally speaking, the single-phase multilevel converter itself has 1 additional leg
(with 2 additional power switches), i.e. 3 legs instead of 2, comparing to the basic H-
bridge configuration. This is leading to an increase of conduction and switching losses,
being the main well-known disadvantage of multilevel configurations. On the other
hand, the reduced harmonic distortion in multilevel output voltage (inter-level voltage
excursion is the half passing from 3 to 5 levels) makes possible to reduce the induc-
tance (Ls) of the ac-link inductor to obtain the same grid current distortion, saving
inductor losses, being this one of the known advantages of multilevel configurations.

With reference to the multilevel inverter losses, being the LDN leg in series with the
two H-bridge legs, they share the same current, so each leg has the same conduction
losses. Being the steady-state voltage the half in the LDN leg, the switching losses in
the LDN leg are the half compared to the switching losses in the individual H-bridge
legs. Supposing conduction and switching losses equally shared, as in most of the
switching converter design, the additional LDN leg introduces 50% more of the
conduction losses, and 25% more of the switching losses. So, comparing to the basic H-
bridge inverter, the multilevel inverter has almost 37.5% of additional losses.

With reference to the ac-link inductor, in case of multilevel inverter, it can be de-
signed for the half of the inductance (L#/2) comparing to the basic H-bridge scheme (L),
since the voltage harmonic distortion is almost the half, leading to almost the same
current harmonic distortion. Supposing the use of the same amount of copper for the
reactor winding, and neglecting the core losses (if any), the copper losses are reduced
to 50% being the winding resistance reduced to the half (turns are V2 times less and
wire cross area can be V2 times more to have the same copper weight), and the ac-link
reactor current the same. The same output current THD can be obtained by reducing
the switching frequency (reducing the switching losses) if the same output filter is
adopted.

All in all, a real benefit in terms of efficiency can be experienced in case of the
multilevel inverter (H-bridge plus LDN) compared to basic inverter (only H-bridge)
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especially in case of overall conversion system design with lower inverter losses (that
are increased 37.5%) compared to ac-link inductor losses (that are decreasing 50%).
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4. Analysis of dc-link current and voltage ripple:
single-phase configuration

4.1. Introduction

A lot of analyses related to PWM techniques have been published, but they were
concentrated mostly on the inverter output voltage and current characteristics, for both
single-phase and three-phase configurations. A complete analysis of switching losses,
dc link voltage harmonics, and inverter input/output current harmonics in three-phase
PWM converter system is given in [1]. The analysis of the output current ripple ampli-
tude, introducing simple and effective expressions for determining the maximum
amplitude of the peak-to-peak current ripple over the fundamental period, for two-
level and multilevel inverters is presented in [2] and [3].

However, only a few papers have investigated the inverter characteristics at the in-
put (dc-link) side. This analysis focuses on the dc-link capacitor design, which is
thought to be one of the critical components in voltage source inverters due to its cost
and susceptibility to temperature degradation [4]. Sufficient attention should be paid
to the selection and dimensioning of the dc-bus capacitor in order to prevent overheat-
ing and extend the lifetime.

The analysis of the dc-link current and voltage ripple in single-phase H-bridge
inverters have been presented in [5], [6]. In case of asymmetric single-phase multilevel
inverters, dc-link current and voltage for the FCaHB and NPCaHB configurations have
been investigated in [7] and [8].

With reference to Fig. 4.1, a detailed analysis of the dc-link current and voltage rip-
ple for the H-bridge and LDN cells is developed.

LS o ] N
 AMAW L

Fig. 4.1. Block diagram of a single-phase CaHB multilevel inverter (H-bridge and LDN).
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In particular, the peak-to-peak dc-link current and voltage ripple amplitudes are
analytically calculated over the fundamental period as a function of the modulation in-
dex for both the low-frequency and switching ripple components. Reference is made to
sinusoidal output current with unity power factor, representing the working condition
of most of the grid-connected inverters. Maximum peak-to-peak values of both low
frequency and switching frequency voltage ripple components are effectively adopted
to design the capacitors of both H-bridge and LDN cells basing on the desired dc-link
voltage ripple requirements.

4.2. Analysis of input currents

The superscripts L and H are introduced for LDN and H-bridge cells, respectively.
For both cells, the input current can be written as:

it =it A =T A @.1)
=i AT =TT A (4.2)

being i"and i" the averaged input current over the switching period of LDN and H-

bridge cells, respectively, consisting of dc (average) components ["and ", and low

L

frequency components, i “ and i". Ai* and A" represent the switching current ripple

components.
4.2.1. Low-frequency (averaged) current components

The multilevel inverter (Fig. 4.1) is supplied with a constant voltage source Vi
knowing that the steady-state LDN average dc-link voltage is automatically kept
around one half of the dc-link voltage of the H-bridge, i.e. v' = v/2, as proved in [5] for
symmetric LDN operations.

Both H-bridge and LDN dc-link voltages can be considered almost constant. Being
V and V/2 the corresponding average components (over the fundamental period), the
normalized H-bridge and LDN voltages become 1 and 1/2, respectively. With this
assumption, and considering the averaged quantities over the switching period, the
power balance for LDN and H-bridge cells can be written as:

l 3 <
{i el 43)
1

being u,. and u,, the normalized modulating signals for LDN and H-bridge cells ex-
pressed as:

ac

{m |sin8| for m |sin8| <0.5 @4

1—m|sin8| for m|sin9|20.5
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. {m sind —m |sir18| for m |sir18| <0.5
Uy = (4.5)

msind—1+m |sin8| for m |sin8| >0.5
For all the following analytical developments, reference is made to a sinusoidal out-

put current with unity power factor, which is a reasonable assumption for most of the
grid-connected applications. Hence, the instantaneous output current is:

ipemig. =1, sin9 (4.6)

where I« is the output current amplitude.
Replacing (4.4), (4.5) and (4.6) in (4.3), the averaged input currents are calculated
analytically as:

o 2m I, sin8[sinY|, m|sin9|< 0.5
oo 4.7)
21,.sin8(1-msing]), mlsin9|>0.5
i _ I,.sin8(msin9—mfsing|),  msin9<0.5 w8
I,.sin® (msin9—1+m[sin9]), mlsin9|>0.5

It should be noted that (4.7) and (4.8) represent the low-frequency components for
LDN and H-bridge cells, respectively. Similar results have been obtained analytically
in [7] for the neutral point capacitors current in case of a NPCaHB converter, and
numerically in [8] in the FCaHB case.

Furthermore, the harmonic spectra of LDN and H-bridge input currents are
analytically calculated as (see Appendix B):

it :{(zu0 ~U,)sind— > (U1~ Un_l)sinnS:llac (4.9)
n=3

in :%{m +(2Uy - U, )sin® -mcos28 - > (U1~ Un_l)sinnS:l I (4.10)
n=3

where 1 2 3 is odd, and the terms U, U, and U, are defined in the Appendix B. Figs.
4.2 and 4.3 show the harmonic amplitudes appearing in (4.9) and (4.10) for LDN and
H-bridge cells, respectively, as a function of the modulation index.

It is clear that the LDN input current contains just odd harmonics being null the dc
component (I= 0). It should be noted in Fig. 4.3 that the dc and 2" harmonic compo-
nents have the same amplitude, proportional to the modulation index. The 1¢t har-
monic has a relevant amplitude, comparable to the amplitude of the 2" harmonic.
Higher order harmonics are quite negligible in the whole modulation range apart the
3 that can be noticeable around m = 0.5 and m = 1.
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Fig. 4.2. Amplitudes of low-order LDN input current harmonics for sinusoidal unity

output current as a function of the modulation index.
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Fig. 4.3. Amplitudes of low-order H-bridge input current harmonics for sinusoidal unity

output current as a function of the modulation index.

4.2.2. Switching frequency current components

Once the low-frequency components are determined from (4.7) and (4.8) for LDN

and H-bridge cells, respectively, the switching current components Ai* and Ai" can be
calculated basing on (4.1) for the LDN cell and basing on (4.2) for H-bridge cell. In
particular, focusing on the “on-time” of the upper power switch, the switching ripple

components of the input currents can be expressed as:
Ait =i"—i" =1,.sin3—i"

A" =i" —i" =1, |sin9|-i"

(4.11)

Introducing (4.7) and (4.8) in (4.11), the aforementioned contributions can be calcu-

lated analytically as:
o [Lacsin8(1-2mlsing)),  m[sing<0.5
At =

I sind(-1+2m|sing|), m|sin9|> 0.5

I, {sin8| - msin (sin9 — |sin9])}, m|sin9|< 0.5
Al =

I, {sin9| - sin8 (msin —1+mlsin8|)}, msin9|>0.5
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The instantaneous input current, its low-frequency component corresponding to the
averaged value over the switching period, and its dc component are shown in Fig. 4.4
for both LDN (left) and H-bridge cell (right).
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Fig. 4.4. Input current and its averaged counterpart for m = 0.5 (top) and m =1 (bottom) of the
LDN cell (left) and H-bridge cell (right) in case of unity output current (Inc = 1A).

The low-frequency components shown in Fig. 4.4 are calculated by (4.7) and (4.8) for
LDN and H bridge cells, respectively.

4.3. Analysis of input voltages

Basing on the input currents, the analysis can be developed also for the input volt-
ages of both LDN and H-bridge cells. In particular, to ensure a proper design of the dc-
link capacitors, the peak-to-peak values of the voltage ripple components should be
analytically determined.

As for the input currents, the instantaneous dc-link voltage for both LDN and H-
bridge units can be written as:

v =V+0" +Av"
(4.14)

vL

IR

N

=K+5L +Av*
2

being V the H-bridge dc component, 7" and 7" the alternating low-frequency har-
monic components and Av" and Av" the switching frequency components of H-
bridge and LDN cells, respectively.

4.3.1. Low-frequency (averaged) voltage components

A. LDN cell
With reference to the LDN cell, the dc component has been proved in [9], [10] to be
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V/2. The low-frequency dc-link voltage component can be calculated analytically by
integrating the corresponding input current (4.7) as:

~L 1 ¢+,
Ft= Csz (9)d9+K (4.15)

(O]

where K is an integration constant. Introducing (4.7) in (4.15) and solving the integral,
the input voltage becomes:
-

= _ac gt (4.16)
2fCy

being #" the normalized averaged (low frequency) of the LDN input voltage given by

ﬂ(s—lsinzsjuq , m|sing|<0.5

~L_ T 2

—ECOSS—E(S—lSin29j+K2, mlsin9|>0.5
T T 2

(4.17)

The values of K1 and Kz can be determined by setting the continuity of the voltage be-
tween the different regions. The waveform of #"is depicted in Fig. 4.5 in the whole
fundamental period, for different modulation indexes.

0.6

ﬁ’L
0.4
= N
0
0 ‘—m:0425 m=0.5 ——m=0.75 ——m=1 ‘ 360°

Fig. 4.5. Normalized low-frequency LDN input voltage in fundamental period [0, 360°], for
different modulation indices, m = 0.25, 0.5, 0.75 and 1.

It can be noticed that the maximum value is always in the middle of the period. As
a consequence, the peak-to-peak of the LDN low-frequency voltage ripple component
can readily be calculated by setting $ = 7t in (4.17), to yield:

m, m<0.5

-
Upp = émarcsir(ﬁ)—m+L Vam? -1, m>0.5 (4.18)
T

mm

Fig. 4.6 shows ii,, as a function of modulation index. The maximum amplitude of
normalized peak-to-peak low-frequency voltage ripple is observed around m = 0.55,
and can be analytically calculated from (4.18) as:
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max

= 0.5143 =

~L

Upp

1
> (4.19)

0.6

~L

L /
04 ;
) / :
H

‘

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

m

Fig. 4.6. Peak-to-peak value of the normalized low-frequency LDN
input voltage vs. modulation index.

Finally, combining (4.16) and (4.19), the maximum amplitude of the low-frequency
peak-to-peak voltage ripple can be written as a simple function of output current
magnitude and LDN capacitance as:

~p [max I

Upp

_ééL (4.20)

As an alternative, the low-frequency dc-link voltage component can be calculated
on the basis of the amplitude of the low-frequency input current component (4.9) and
the corresponding dc-link reactance, as follows:

Vi =2 Iy (4.21)
being Z; the equivalent reactance of the dc-link LDN capacitor, calculated at the k*
harmonic:
L 1
Zy = (4.22)
k oC L

Considering the first order harmonic (with the highest amplitude), and combining
(4.9), (4.21) and (4.22), the peak-to-peak LDN low-frequency voltage component at the
fundamental frequency can be expressed as:

2 12U,-U
lep — [ 0 2] — Iac ulL pp (423)
g 27'Cf CL ZfCL ’

being Uj ,, the normalized LDN input voltage expressed as:

. 2
uj ,, =—[2U, -U,] (4.24)
T

-57-



Manel Hommami - PhD Thesis Chapter 4

Fig. 4.7 presents Uj,, as a function of the modulation index. The maximum
amplitude of the normalized peak-to-peak voltage ripple at fundamental frequency is:

L |max 1
uerP =0.55 = E (4.25)
0.6
017D G i e ™

Uy 05 <

0.4 ‘
0.3
0.2
0.1
0

0 0.2 0.4 0.6 08 m 1

Fig. 4.7. Peak-to-peak value of the normalized LDN input voltage at the fundamental
frequency vs. the modulation index m.

Finally, the maximum amplitude of the peak-to-peak voltage ripple at the
fundamental frequency leads to the same results as (4.20):

ac (4.26)

B. H-bridge cell

The dc component of the H-bridge cell is equal to V. The amplitudes of the low-fre-
quency input voltage components at k harmonic V} can be calculated on the basis of
the amplitudes of the low-frequency input current components (4.10), and the dc-link
equivalent impedance as:

Vi =z I (4.27)

being Z; the parallel between the reactance of the de-link capacitor Cr, and the equiva-
lent input resistance Rs, calculated at the k* harmonic order:

z! R (4.28)

k =
P R2 0> Cpy? +1

Considering realistic parameters of a photovoltaic module, the equivalent series
resistance Rs is always larger than (1/kw Ch). In this case, Eq. (4.28) becomes:

L1
k kO)CH

(4.29)

Introducing (4.29) in (4.27) and considering (4.10), the amplitudes of the low-frequency
input voltage components at the k” harmonic become:
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1
k(DCH

Vi Iy (4.30)
Considering only the first and second harmonic order, the voltage amplitudes can
be expressed as:

V= 1 [ZUO_UZ]I — 1 [2UO_U2]I (431)
'ecy 2 " 2nfcy 2 '

w_ 1 om0 ﬂl
2 20Cy 2 ™ 4nfCy 2

(4.32)

4.3.2. Switching frequency voltage components
A. LDN cell

Considering the sinusoidal PWM principle, the “on-time” interval At" for the LDN
cell is calculated on the basis of the normalized LDN modulating signal described in
chapter 3 by Eq. (3.2) as:

2m|sin9| T, ; m|sin9|<0.5
Att = (4.33)
2(1-m|sin9|)T,, ; m|sin9|>0.5

The corresponding dc voltage variations (peak-to-peak) over the sub-periods
[0— At"], can be expressed as

At
€ [ait dt= LAt A (4.34)
CL 0 CL

Lo
Avpp =
By introducing in (4.34) the on-time interval At" given by (4.33) and the

corresponding current Ai* given by (4.12) and supposed constant within the interval,
the peak-to-peak switching ripple amplitude of the input LDN cell voltage becomes:

I
Avh =—8C Ayt (4.35)

rp fsw CL rp

being Au,, the normalized peak-to-peak voltage switching ripple given by

2msin®9(1-2m|sing]), m|sing| < 0.5
Au, = (4.36)
2[sin|(2m[sin8| - 1)(1 - m|sing]), m [sin§| > 0.5

Fig. 4.8 presents the distribution of the normalized peak-to-peak ripple amplitude
given by (4.36), over the fundamental period 8 = [0, 360°], for four cases of the modula-
tion index m =[ 0.25, 0.5, 0.75, 1]. It can be noted that it is always symmetrically distrib-
uted.
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Fig. 4.8. Normalized peak-to-peak switching ripple of the LDN input voltage in the
fundamental period [0, 360°], for different modulation indices, m = 0.25, 0.5, 0.75 and 1.

B. H-bridge cell

As for the LDN unit, the “on-time” interval At" for the H-bridge cell is calculated
on the basis of the normalized H-bridge modulating signal described in chapter 3 by
Eq. (3.4) as:

(msin9 — |m sin9|) Tow ; mlsing| < 0.5
A = (4.37)
[ sin9 —(1-|m sin8|||T,,, ; m[sin9|>0.5

The corresponding dc voltage variations (peak-to-peak) over the sub-periods
[0 — At"], can be expressed as

10 1

Avy, =—— j At dt=——Ai" A" (4.38)

Chu j Cy

The peak-to-peak switching ripple amplitude of the input H-bridge voltage can be
calculated by introducing (4.13) and (4.37) in (4.38):

Tac  pyr (4.39)

f sw CH w

being Augp the normalized peak-to-peak voltage switching given by:

H _
Avpp =

[sin9]-sin (msing - m|sin8|)][m sin9—|m sinS], m|sin9|<0.5
Al = (4.40)
[sin9|-sin9 (msind -1+ m|sin9|)][m sing— (1 —|m sin8|)], m|sing|> 0.5

Fig. 4.9 presents the distribution of the normalized peak-to-peak ripple amplitude
given by (4.40), over the fundamental period $ = [0, 360°], for four cases of the modula-
tion index m = [ 0.25, 0.5, 0.75, 1].

-60 -



Level Doubling Network and Ripple Correlation Control MPPT Algorithm for Grid-Connected Photovoltaic Systems

0.3

H
Aupp

0.2

0.1

[\
[N\

/
/

\

\

WAVAN A

‘ —m=0.25 m=0.5 m=0.75

m=1 ‘

360°

Fig. 4.9. Normalized peak-to-peak voltage switching ripple of H-bridge in fundamental period

[0, 360°], for different modulation indices, m = 0.25, 0.5, 0.75 and 1.

In order to estimate the maximum voltage switching ripple amplitude in the

fundamental period for both LDN and H-bridge cells, the following expressions in

four ranges of m are analytically calculated from (4.36) and (4.40):

2m(1-2m) ; OSmS%
L ;lﬁmSO.575
y |max | |max 27m 3
e = 3+43

2@m-1)1-m) ;0575<m<

J3

I9m

(4.41)

The maximum of the normalized peak-to-peak voltage ripple as a function of m is
depicted in Fig. 4.10. It can be noted that it ranges between 0 (m = 0) and 1/4 for both m
=1/4 and m = 3/4. The absolute maximum for both LDN and H-bridge cells become:

Aot max _ I,
pp 4 f sw CL
Apl max _ Iac
PP 4 f sw CH
0.3
max
Aupp /-\ /\

~

./
/

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

m

Fig. 4.10. Max of normalized peak-to-peak switching ripple of both H-bridge
and LDN input voltage cells vs. modulation index.
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4.4. Guidelines for designing the dc-link capacitors

The results obtained from the proposed methods for calculating both the switching
frequency and the low frequency input voltage ripples for LDN and H-bridge cells in
case of single-phase H-bridge inverter with level doubling network can readily be
adopted for designing the dc-link capacitors.

A. LDN cell

In case of restrictions on the voltage switching ripple, such as limitation of switching
noise, conducted EMI, measurements inaccuracy, etc, the dc-link capacitance can be
calculated according to (4.42), leading to the same relation obtained in [8] in case of fly-
ing capacitor asymmetric H-bridge:

1 I
Cp>———H—o (4.44)
4 L max
f sw Avpp

Instead, if the target is to limit the voltage oscillations at low frequencies

(fundamental and/or low-order harmonics), the dc-link capacitance of LDN cell can be
calculated by (4.20) or (4.23), leading to:

1 I,

f Oy
1 I
CL - Z L £ max (44'6)
f Vl,pp

B. H-bridge cell

As for the LDN cell, the dc-link capacitance of the H-bridge cell can be calculated
based on the voltage switching ripple according to (4.43), leading to the same relation
obtained in [6] in case of basic H-bridge configuration as:

Cyoi o (4.47)

4 y |max
fsw Avpp

Instead, if the maximum dc-link voltage oscillations at the fundamental or the dou-

ble fundamental frequency is assigned, the dc-link capacitor for the H-bridge cell can
be sized by reversing (4.31) and (4.32):

1 [2u,-u,]
Cy > I 4.48
H 2TCfV1H 2 ac ( )
Cpz—r M (4.49)

> —I
dnfVy 2 %
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In practical applications, it could easily be said that low frequency ripple and
switching ripple stay in the same ratio as the switching and the fundamental frequen-
cies, that is typically in the range 100-400.

4.5. Simulation and experimental results

In order to verify the analytical developments proposed in previous sections,
simulations and corresponding experimental tests are carried out for single-phase
multilevel H-bridge inverter based on level doubling network. The considered circuit
scheme is shown in Fig. 4.11. The main simulation and experimental setup parameters
are given in Table 4.1.

~
i Ro Lo
ac
> NVWALYY
A ,/__________\\
| |
| |
! |
wE o
Uac | |
| |
| |
| 1
! ]
N o
L ) Simulated Grid

Fig. 4.11. Circuit of the proposed inverter with level doubling network.

Table 4.1. Simulation and experimental setup parameters.

Parameter Symbol Value

Dc source voltage Vs 100 V
Dc-link capacitors Ct, CH 1.1 mF
Equivalent dc source resistance Rs 250
Equivalent dc source inductance Ls 1 puH
Fundamental and switching freq. £ foo 50 Hz, 2.5 kHz
Output series impedance Ro, Lo 6.5Q, 34 mH
Equivalent grid (parallel impedance) R, Cq 30 Q, 44 pF

4.5.1. Simulation results

Circuit simulations are performed by Matlab/Simulink. In order to verify the
matching with the proposed analytical developments, an RLC circuit with unity power
factor is used, emulating the grid-connection through an ac-link inductor.

-63-



Manel Hommami - PhD Thesis Chapter 4

Fig. 4.12 presents the alternating LDN input voltage (top diagram), the theoretical
low-frequency component " calculated by (4.16) and (4.17), corresponding to its
value averaged over the switching period (middle diagram), and the switching ripple
component together with its theoretical envelopes +Avty,/2 evaluated from (4.35) and
(4.36) (bottom diagram), in case of different modulation indexes to cover the whole
modulation range, i.e. for m =0.25, 0.5, 0.75, and 1.
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Fig. 4.12. Simulation results: Alternating LDN input voltage (green, top diagrams), theoretical
(calculated) low-frequency component (violet, middle diagrams), and switching ripple
component with theoretical envelopes (blue and red traces, respectively, bottom diagrams),
for different modulation indexes.

As for the LDN cell, the alternating H-bridge input voltage (top diagram), its aver-
aged waveform over the switching period (middle diagram), and the instantaneous
voltage switching ripple Av" (blue traces) together with the half peak-to-peak voltage
ripple envelope J_rAv;p /2 (red traces) calculated from (4.39) and (4.40) are depicted in
Fig. 4.13 over one fundamental period (T =20 ms), for m = 0.25, 0.5, 0.75, and 1. A per-
fect matching is observed for all the considered cases.
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Fig. 4.13. Simulation results: Instantaneous H-bridge input voltage (green, top diagrams),
averaged low-frequency component (violet, middle diagrams), and switching ripple component
with theoretical envelopes (blue and red traces, respectively, bottom diagrams), for different
modulation indexes.

4.5.2. Experimental results

Theoretical and simulation results have experimentally been verified by the setup
shown in Fig. 4.14. It includes a DSP board (TMS320F28377D) programmed by Code
Composer Studio (CCS), also employed to change online all the modulation parame-
ters. The single-phase H-bridge inverter with level doubling network shown in Fig.
4.11 and has been implemented using two power IGBTs modules IPM PS22A76 (1200
V, 25 A), driven by the DSP board via intermediate optical links. The inverter output is
connected to an RLC circuit with unity power factor, emulating the grid-connection
through an ac-link inductor.

Experimental results are shown by oscilloscope screenshots, elaborating and
emphasizing the signals of interests.
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Fig. 4.14. View of the experimental setup.

Figs. 4.15 and 4.16 show the output variables in case of m = 0.5 and m = 1. In particu-
lar, the top traces represent the total output voltage and current (almost sinusoidal cur-
rent with unity power factor can be noted), the middle traces represent the individual
output voltage of the H-bridge, and the bottom traces represent the individual output
voltage of the LDN cell.

The input voltage of the LDN and H-bridge cells, are shown along with their
components in Figs. 4.17 and 4.18, respectively, over one fundamental period (T = 20
ms) for different modulation indexes (m = 0.25, 0.5, 0.75, and 1), corresponding to the
simulation results given in Figs. 4.12 and 4.13.

YOKOGAWA, 9 017/06/13 18: Norm:Hi Res. Ldpe Line
B 107 2l ma———] ] sl s ———————————i s ssmsssnncee DY B o

2> 40.0 Vatiw

Sms/div

Fig. 4.15. Inverter output variables for m = 0.5. Top trace: total voltage and current.
Middle trace: H-bridge voltage. Bottom: LDN voltage.
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Fig. 4.16. Inverter output variables for m = 1. Top trace: total voltage and current.
Middle trace: H-bridge voltage. Bottom: LDN voltage.

(c)m=0.75 (dym=1
Fig. 4.17. Experimental results for different modulation indexes. Top traces: alternating LDN
input voltage. Middle traces: low-frequency component (filtered by oscilloscope functions).
Bottom traces: switching frequency component and corresponding theoretical envelopes.
Reference is made to Fig. 4.12.
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(c)m=0.75 (d)ym=1
Fig. 4.18. Experimental results for different modulation indexes. Top traces: alternating H-bridge
input voltage. Middle traces: low-frequency component (filtered by oscilloscope functions).
Bottom traces: switching frequency component and corresponding theoretical envelopes.
Reference is made to Fig. 4.13.

In particular, the top traces represent the instantaneous voltage, the middle traces
represent the low-frequency components, obtained by the built-in low-pass filter func-
tion of the oscilloscope, and the bottom traces represent the switching ripple compo-
nent together with the peak-to-peak envelope analytically calculated on the DSP board
and sent to an output DAC channel with a proper voltage scaling.

4.6. Discussion

The alternating LDN and H-bridge input voltages in both simulation and
experimental results have been calculated by filtering from the instantaneous voltage
its dc component, i.e. V for the H-bridge and V/2 for the LDN. In the case of
experimental results, the “ac coupling” built-in function of the oscilloscope has been
used, introducing a slight and acceptable distortion in the corresponding waveforms.
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Simulation and experimental results have a good matching for all the considered
cases, as proved by the comparison of Fig. 4.12 and Fig. 4.17 for the LDN cell and a
comparison of Fig. 4.13 and Fig. 4.18 for the H-bridge cell. Note that the same scale is
adopted in corresponding diagrams of simulations and experiments to better facilitate
the comparison.

The results in terms of peak-to-peak LDN and H-bridge input voltage ripple are
summarized in Table 4.2, for the four considered modulation indexes in case of theory
(Th.), simulations (Sim.), and experiments (Exp.).

Table 4.2. Max peak-to-peak dc-link voltage ripple

m Switching frequency Low-frequency Low-frequency
component of both LDN component of the component of the
and H-bridge cells LDN cell H-bridge cell

Th[V] | Sim.[V] | Exp.[V] | Th.[V] | Sim.[V] | Exp.[V] | Sim.[V] | Exp.[V]

0.25 0.05 0.06 0.06 1.22 1.2 1.2 0.45 0.5
0.50 0.07 0.08 0.08 5.77 5.7 5.6 2.14 2.25
0.75 0.18 0.20 0.20 7.63 7.6 7.4 3.38 3.2
1.00 0.19 0.20 0.20 5.25 5.2 5.0 4 4

For all the considered cases the matching is within the expected resolution of a few
percent.
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5. Analysis of dc-link current and voltage ripple:
three-phase configuration

5.1. Introduction

Three-phase inverters are customarily adopted, due to their wide availability, in
many different applications such as variable speed ac drives, uninterruptable power
supplies (UPS), stand-alone and grid-connected systems, etc. With reference to the
three-phase voltage source inverters (VSIs), many papers investigated the inverter out-
put characteristics (voltage and current). However, not many of them focused on the
inverter input (dc-link) side. The peak-to-peak output current ripple amplitude has
been calculated over the fundamental period, and presented together with numerical
and experimental verification in the case of two-level and multilevel VSIs, in [1] and
[2]. A comparison of the output current ripple in case of multiphase inverters is
presented in [3], considering different number of phases.

A complete analysis of dc-link voltage ripple for three-phase two-level inverters is
presented in [4], considering both switching frequency and double fundamental fre-
quency components. The developments related to input current and voltage
characteristics are usually based on the Fourier analysis (harmonics) and rms
calculations. The analysis and minimization of the input current and voltage ripple
rms, and the comparison under several reference signals is given in [5]. In [6] the dc-
link current ripple characteristics in three-phase inverters with balanced load have
been investigated basing on the Fourier analysis.

A detailed analysis of the dc-link capacitor current in three-phase three-level neu-
tral-point-clamped (NPC) and cascaded H-bridge (CHB) inverters, which provides the
basis for dc-link capacitor sizing in these topologies, have been done in [7]. In particu-
lar, the rms value and low frequency harmonics of the capacitor current have been
calculated numerically only in case of sinusoidal PWM (SPWM). With reference to the
three-phase three-level CHB, the analysis of dc-link voltage ripple and the design of
dc-link capacitor in case of the centered PWM (CPWM) have not been reported in the
literature yet.

The three-phase level doubling network (LDN) topology has been presented in [8]
and [9] and the concept of self balancing capability of the capacitor was analyzed in
case of nearest voltage level control (staircase modulation). Nowadays, the analysis of
dc-link voltage ripple in the case of three-phase LDN configuration for both sinusoidal
and centered PWMs has not been reported in the literature yet.

A complete analysis of the dc-link voltage ripple for three-phase H-bridge
configuration as well as for three-phase LDN configuration, considering both switch-
ing frequency and double fundamental frequency components will be presented in this
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chapter. Simple and effective guidelines to design the dc-link capacitor are given on
the basis of the dc-voltage ripple requirements for different modulation strategies.

5.2. Analysis of dc-link ripple: basic H-bridge configuration

A preliminary theoretical analysis of the dc-link voltage ripple, considering both
switching frequency and double-fundamental frequency components, has been pre-
sented in [10], for the single-phase H-bridge inverter. The typical configuration of
three-phase three-level HB inverter is shown in Fig. 5.1. It consists of dc voltage source
(Vs) with series inductive filter (Ls) and equivalent resistance (Rs) and a dc-link capaci-
tor (Ch).

2 A A
( Phase C h
( PhaseB )
( Phase A h
R, L, . )
AL, i H- Bridge L
jreamdl=h
Vs CD Cy U, w,
[
N J
L

Fig. 5.1. Basic circuit scheme of the three-phase H-bridge inverter.

In the case SPWM, the calculations for single-phase H-bridge inverter, developed in
[10], [11], can be applied directly to the three-phase configuration. The calculation of
input current and voltage ripples, and the design of the capacitor for each phase are
exactly the same as for the single-phase configuration.

In order to maximize the linear modulation index range and/or reduce the output
current ripple, a common-mode can be injected into the individual inverter voltages. In
this case, the modulating signals normalized by the dc component of the H-bridge dc-
link voltage V, are expressed as:

u,. =msin(9)+c,,(9)
Uge =msin(8—3m)+c,,(9) (5.1)
g =msin(8+3m)+c,, (9)

The common-mode injection is explained in details in Chapter 3. The centred PWM

(min-max) is approximated as a triangular waveform as:
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Cp = 2—’;1 [sin(?a 9)- %sin(9 3)} (5.2)

T

The output voltage of phase A and its fundamental component (averaged value)
are presented in Fig. 5.2.

150

100

50

-100 +
QL

-150

0 0.01 0.02
Time (s)

Fig. 5.2. Ideal PWM inverter output voltage and its averaged counterpart in case of
constant dc source V=100V and m =1.

5.2.1. Input current analysis

Fig. 5.3 shows the instantaneous inverter input current ia (f) of phase A in case of
CPWM. The input current has three relevant components: dc (average) component I,
low frequency component i(t), and switching frequency component Ai (t):

i () =1, +1,(t)+A0,(b)
i (=1, +1,()+Ai, () (5.3)

ic(t) =1+ (t)+Ai(t)

N

0.5

Input current (A)
I
I
I
I
L
1
i
|
I
=
I
|
I
1
]
T
1
T
i
PZ
I
I

0
0.1 0.11 0.12

Time(s)

Fig. 5.3. Input current (green trace) and its averaged counterpart (violent traces) , in case of
m=1.15and l.. =1 A (unity sinusoidal output current).
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With reference to phase A, the averaged input current can be calculated on the ba-
sis of the inverter input/output power balance as:

iy =g ige (5.4)
being i;, the output current of phase A expressed as:
ige =1, sIn(8) (5.5)
where I is the output current amplitude. The same results can be obtained for phases
B and C considering the displacement of 120°.
Introducing (5.1), (5.2) and (5.5) in (5.4), the averaged input current of phase A in
case of CPWM is expressed as:

i, =1,. sind msm9+n—zsm(38)—ﬁsm(99) (5.6)

resulting in:

- I I I I
ool Macl 2 1) os08)+ e cos@9) — T (cos@9) — cos109)  (5.7)
2 2 \n? n’ 9n?
Equation (5.7) can also be expressed as:
i,=1,+> I, cosk9) (5.8)

being 14 the average (dc) current, and Ix4 the amplitude of the k" harmonic, which can
readily be obtained from (5.7) and (5.8):

ml
IA — 2ﬂC
I, :m_I“C(l_%j
! 2 b8 (5.9)
ml,, :
ml
Iy, =110,4 = %ZC

The amplitudes of the low order harmonics input current are depicted in Fig. 5.4. as
a function of the modulation index m.

Once the averaged input current of phase A is calculated from (5.6), the switching
frequency input current component is finally calculated from (5.3) as:

2m
2512

; 2 2
Ai, =i, —i, =1, sind (1—msinS+—Tsin(39)—9—rZsin(98)+ sin(159))  (5.10)
T T
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1

Lia
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(4) o5 L —
f"T
L f
025 c//
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0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11 12
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===dc ===2nd =—=4th ===8th =—10th

Fig. 5.4. Amplitudes of low order harmonic of input current as a function of m (I =1 A).

5.2.2. Dc-link voltage analysis

The instantaneous dc-link voltage consists of three relevant components: dc (aver-
age) component V, alternating (low-frequency) components o , and switching
frequency component Av:

v,)=V,+70,+Av,
v,(H) =V, +7, +Av, (5.11)
v.(t) =V, +7. +Av,

The amplitudes of the alternating dc-link voltage components can be determined on

the basis of the corresponding current (5.9) and the dc-link equivalent impedance Zx,
calculated at k* harmonic, as

Viea =1 . Z (5.12)

being Zk the parallel between the reactance of the dc-link capacitor Cy, and the equiva-
lent dc source resistance Rs, both calculated for the k* harmonic as:

R, (5.13)

Zk =
JPR20?C2+1

Considering (5.12), (5.13) and (5.9), the amplitudes of the alternating dc-link voltage
components at double fundamental frequency (100 Hz) in case of CPWM can be calcu-
lated as:

I
v, =%(1—%} Z, (5.14)
T

In the case of SPWM, the amplitude of the second order harmonic is the same as for
single-phase H-bridge configuration, expressed as:
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ml
2

VZ,A = ac ZZ (515)

It can be noticed that the second order harmonic (100 Hz) voltage oscillations de-
creases in case of CPWM (5.14) compared to the case of SPWM (5.15). The dc-link
capacitor can be sized by using (5.14) or (5.15) in case of CPWM or SPWM, respec-
tively.

5.3.Analysis of dc-link ripple: H-bridge plus LDN configuration

The three-phase LDN configuration depicted in Fig. 5.5.

A A %

( PhaseC h
(Phase B h

(Phase A e A

i;{ H—Bridgé} 1 JG JG J ] i |

| [C )
a Witardadl

Fig. 5.5. The three-phase H-bridge LDN configuration with a single dc-link.

5.3.1. Analysis of the input currents

A. LDN cell

L

»and i. can be

As for the single-phase, the instantaneous LDN input currents i}, i
written as:

L

cL . L, 7L ‘L
=i, +Ai, =], +i, +Ai,

L=il AL =T T AL (5.16)
=it AL =TE 4T+ A

Being i the averaged value over the switching period, consisting in dc component
I, i, the low-frequency harmonic components, and Ai’; the instantaneous switching
ripple of phase A and similarly for phases B and C.

With reference to sinusoidal output currents with unity power factor, the
instantaneous output currents are:
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i;;c =1I,.sin(9)
ige =1l sin(8 -3 m) (5.17)
ige =1, 8IN(8+37)

where I is the output current amplitude.

On the basis of the input-output power balance of the LDN and considering the
averaged quantities over the switching period, the input LDN current has been analyti-
cally developed in case of single-phase inverter (see Chapter 4). The same expression
can be used directly for phase A, B and C to find:

(5.18)

A

~, | 2ml, sin8[sing|, m|sin9|< 0.5
|21,.5in8(1-mfsing|),  m|sin9|>0.5

L, | 2m I sin(8-%m)fsin(8-4m)|, m|sin(8-%m)<0.5

. 2Igcsin(9-3m) (1_m|5in(9—%n)), m|sin(9-%m)[>0.5 619)

- 2m I,esin(+3m)|sin(9+3 ), m|sin(9+2 7)< 0.5 520
‘ 21,.sin(9+2 ) (1—m|sin(3+§n)), m |sin(8+%7t)|2 0.5

The total LDN input current can simply be written as:
T A A (5.21)

The amplitudes of the low-frequency LDN input current components have been
calculated analytically for the single-phase configuration as explained in Chapter 4:

I'=0

It =(2Uy —U, )1

11 (0 0~Ua)lac (n>3 odd integer) (5.22)
=

I1L1 = |un+1 _un71|1ac

where Uo, U2 and U are defined in the Appendix B.

Considering (5.22) and due to the modulation symmetry among the three phases
(120° displacement), all odd harmonics except those that are a multiple of 3 are
eliminated, while the harmonics multiples of 3 are tripled, this resulting in:

I,=0

(h, k odd integer, I # 3k ) (5.23)
I3 = 3|Usps1 —Usga|Loc
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Fig. 5.6 presents the amplitudes of the low-frequency LDN input current harmonics
in case of SPWM, as a function of the modulation index, considering (5.22) and (5.23)
with unity output current, le=1 A.

1.0

JEP 08 /
06 /’ —3rd

A 04 > ™N /

0.2 / — 9th
4 I

00 == : : : , , > o~

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 m 1

Fig. 5.6. Amplitudes of low-frequency LDN input current harmonics as a function of the
modulation index in case of SPWM (l.==1A).

The total LDN input current it its low-frequency component calculated from
(5.18), (5.19), (5.20) and (5.21), corresponding to the averaged value over the switching
period, and its dc component (which is equal to zero) are shown in Fig .5.7.

1

o
o
T

0.04 0.05 0.06

1111171 | Lkl | (LR[00 | Lkl

-1
0.04 0.05 0.06

Fig. 5.7. Total LDN input current (pink traces) and its averaged counterpart (bleu traces)
for m=0.5 (top) and m =1 (bottom) in case of unity output current (Inc = 1A).

In case of CPWM, the normalized modulating signals are expressed in (5.1). Replac-
ing (5.1) in (5.18), (5.19) and (5.20), the input LDN currents for phase A, B and C be-
comes:

_ 2 I,.sin8|msin(9)+c,, (9, Imsin(9) +c,,(9)|<0.577
= (5.24)
21, sinS(1—msin(9)+ ¢,y (9))),  [msin(9)+c,,(9)>0.577
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2 Ipesin(9-3m)|msin(9-3m)+c,,(9),  |msin(8-3m)+c,,(9)<0.577
= (5.25)
21, sin(8-2m) (1= |msin(®-2m)+c,,(9))), |msin(®@—2m)+c,, (9)20.577

2 Iesin(8+3m)[msin(8+3m)+c,, (9], [m sin(8 +%m)+c,,(9) <0.577
i (5.26)
21,5in(9+2 ) (L=|msin(@+2m)+c,,(9)), |msin(8+2m)+c, (920577

The low frequency components of the total input current (5.21) can easily be calcu-
lated by adding (5.24), (5.25) and (5.26). In this case, the total LDN input current is de-
picted in Fig. 5.8 for the two relevant cases m = 0.577 and m = 1.15, corresponding to the
new modulation boundaries in case of centered PWM.

0.04 0.045 0.05 0.055 0.06

o5 LA ERE IR R

il i

-1
0.04 0.045 0.05 0.055 0.06

Fig. 5.8. Total LDN input current (pink traces) and its averaged counterpart (bleu traces)
for m = 0.577 (top) and m = 1.15 (bottom) in case of unity output current (I = 1A) for CPWM.

It can be noticed from Figs. 5.7 and 5.8 that CPWM mitigates the LDN low- fre-
quency harmonics. It has also been verified that harmonics can further be reduced by
exploiting the degree of freedom offered by modifying the common-mode signal
(mCPWM). It has been found empirically that the simple constant gain of 1.15 applied
to the common-mode centering signal (mCPWM) further reduces the LDN low-fre-
quency current ripple i*in the whole modulation range, as shown in Fig. 5.9.

In this case the modified common-mode injection (mCPWM) can be written as:

¢, =115 i—?[sin(?) 9)- % sin(9 9)} (5.27)
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Fig. 5.9. LDN low-frequency dc-link current ripple in case of SPWM, CPWM, and modified
CPWM for m = 0.5 (top) and m =1 (bottom),(loc = 1A).

Basing on the harmonic content of the input current given by (5.22) and (5.23). The
amplitudes of 3t and 9t LDN input current are depicted in Figs .5.10 and 5.11, respec-
tively, for SPWM, CPWM and modified CPWM as a function of the modulation index.
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Fig. 5.10. Third order harmonic of LDN input current in case of SPWM, CPWM,
and modified CPWM (lac = 1A).
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Fig. 5.11. Ninth order harmonic of LDN input current in case of SPWM, CPWM,,
and modified CPWM (lac = 1A).
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B. H-bridge cell

The instantaneous H-bridge input currents for phase A, B and C consist of three
relevant components: the dc (average) components I}, I} and I/, the low frequency

components i,",i," and i, and the switching frequency component Ai'}, Ai;' and Ail,
respectively as:

CH _ TH cH _ yH |, TH . H
i, =i, +Ai, =1, +i, +Ai,
H

=iF AT =TT T A (5.28)

=M AT =T T A

Based on the analysis of the H-bridge input current in case of single-phase
configuration, simple and straightforward calculations can be applied in case of three-
phase configuration (Fig. 5.5) considering both SPWM and CPWM.

In case of sinusoidal modulation (SPWM), the analytical expression of the low fre-
quency components of the H-bridge input current, that has been calculated in case of
single-phase configuration, can directly be applied to phase A of the three-phase
configuration, since each H-bridge cell is supplied with an independent dc source,
leading to:

(5.29)

- {Iac sin9 (msin9—msin9|),  m|sin9|<0.5
iy =

I,.sin8 (msin®—1+m|sin9|), m|sin9|>0.5

The phase displacement of 120° of output voltages and output currents (5.17) must
be taken into consideration for phases B and C, leading to:

Lesin(®—2m)(msin(d - 2m) —mfsin®—2m)),  m|sin(9 -2 m|<0.5
i = (5.30)

I,.sin(9—2m) (m sin(9 — 2 m) — 1+ m|sin(9 —%n)), m|sin(9 - 3 m)[>0.5

3

Lesin(®+2m) (msin(d + 2m) —msin(®+2m)),  mlsin(9+2m)|<0.5
- (5.31)
esin(® +2m) (nsin(9+2m)~1+mlsin(®+ 2m)), mlsin(s+2m[205

In case of CPWM, introducing (5.1) in (5.29), the averaged H-bridge input current of
phase A, can be written as:
Ioesind (msin(9) + ¢, () —|msin(8) + ¢, (9)]), [ msin(8)+c,, (9] < 0.577
= (5.32)
I,.sin8 (m sin(§)+c,,(8) -1+ |m sin(8)+c,,(9) ), msin($)+c,, (S)| >0.577
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The same holds for phase B and C considering the phase displacement and
introducing (5.1) in (5.30) and (5.31), respectively.

Fig. 5.12 shows the instantaneous H-bridge input current of phase A, its low-fre-
quency component calculated from (5.32), corresponding to the averaged value over
the switching period, and its dc component in case of CPWM.

1 /4:\/:§\
/] \
0.5
_________ — 'A M (= = HH
0
0.04 0.05 0.06
1
AN | AN
/] N
0.5 AT mNe — o/ T T T =
0
0.04 0.05 0.06

Fig. 5.12. H-bridge input current (green traces) and its averaged counterpart (violet traces)
for m = 0.577 (top) and m = 1.15 (bottom) in case of unity output current (loc = 1A).

The amplitudes of the H-bridge input current in case of CPWM (min-max) have
been calculated numerically and shown in Fig. 5.13.

0.6
I N\
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—c m—1st =—2nd

Fig. 5.13. Amplitudes of H-bridge input current in case of CPWM (lac = 1A).
5.3.2. Analysis of input voltages

In order to design the LDN and H-bridge capacitors properly, analytical analyses of
dc-link voltages are performed. To insure a satisfactory design of capacitors, the peak-
to-peak values of the voltage oscillations must be known.

As for the input currents, the instantaneous dc-link voltage for both LDN and H-
bridge cells can be written as:
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v=V+0+Av (5.33)

being V the average input voltage, ¥ the low frequency components and Av the
switching frequency component.

A. LDN cell

The low-frequency dc-link voltage component of the LDN cell can be calculated
analytically by integrating the total LDN input current (5.21) as:

(O]

where K is an integration constant.

In the case of SPWM, introducing (5.18), (5.19) and (5.20) in (5.34) and solving the
integral, the input voltage of each phase A, B and C can be written as:

5= g
2fC,
~L IﬁC ~L
UV, =—— U, (5.35)
2fCyp
L — IllC ’il‘L
C szL C

being i, i, and i/ the normalized averaged (low-frequency) LDN input voltage of
phase A, B and C, respectively, given by

ﬂ(S—%sinZS] +Kyp, m|sin9|<0.5
il = “2 : (5.36)
——cosS—ﬂ(S——sin29j+K2 , mlsin9|>0.5
T b 2
E(S—lsin(28—4—) +Ky, m[sin(8 -2 m)[<0.5
~L _ | T 2 3
R ) on mf. 1 in (5:37)
——Cos( ——j—— 9——sin[28——j +K,, m|sin(8—%n)| >0.5
T 3 T 2 3
n 9—151{29+4—j +Kq, m|sin(9+%7t)|£0.5
~L_J T 2 3
<7 2 on) mf, 1 4 (5-38)
——co{9+—“j—— 9——sin(28+—n) +K,, mlsin(8+2m)|20.5
T 3 T 2 3
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The values of Ki and Kz can be determined by setting the continuity of the voltage
between the different regions. Being #i"the sum of the three normalized averaged
i}, i,and . of the LDN input voltage of phase A, B and C, respectively, the wave-
form of u" is depicted in Fig. 5.14 in the whole fundamental period, for different
modulation indexes.

_, 02 : .
i,

0.15 b

0.1 f :

0.05 N/ N 7N 7N\

0 L 1
0.2 0.205 0.21 0.215 0.22

[— m=1 —m=0.75 m=0.5 —— m=0.25| Time (s)

Fig. 5.14. Normalized low-frequency LDN input voltage of phase A in fundamental period,
in case of SPWWV, for different modulation indices, m =0.25, 0.5, 0.75 and 1.

Instead of integrating the total LDN input current to get the corresponding input
voltage, the amplitudes of the k™ voltage harmonic can be calculated multiplying the
amplitude of the corresponding current harmonic (5.23) by the kt order reactance
1/(koCr) as:

5 - I _ 3lac[Uspsr —Usi | (5.39)
k (DCL 2nk f CL
Eq. (5.39) suggests the following normalization for 73 :
gt oo lee g (5.40)
3k 2f CL 3k

being i3 the normalized amplitude of the LDN low-frequency voltage expressed as:

a3 |Usger —Usy |

541
3k e (5.41)

Considering the third order harmonic (highest amplitude) and utilizing (5.41), the
normalized peak-to-peak LDN voltage ripple is written as:

~L _ 2|ll4_lIZ|

i, = (5.42)

T
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B. H-bridge cell

In three-phase LDN configuration (Fig. 5.5), each H-bridge is supplied by an
independent dc source, which means that the analytical developments of the H-bridge
input voltage components (in the single-phase) are exactly the same for phase A
considering the sinusoidal PWM. The H-bridge input voltage of phase B and C will be
displaced by 120°. In this case, the voltage amplitudes at first and second harmonic
have been calculated as (see Chapter 4):

1 [auy -] 1 uy-up]

Vi = I,.= I 5.43
1 (DCH 2 ac ZTEfCH 2 ac ( )

v 1 m 1 m

_ m, 1 m, 5.44
2 20Cy 2 " 4nfCy 2 (5-44)

The amplitudes of the input voltage of the H-bridge cell can be calculated
numerically based on the input current for the H-bridge cell at the k harmonic order
for both CPWM and mCPWM.

5.4. Guidelines for designing the dc-link capacitor

A. LDN cell

The normalized peak-to-peak LDN input voltage ﬂ:ﬁ,,pp has been calculated analyti-
cally from (5.41) in case of sinusoidal PWM, However, due to the cumbersome calcula-
tions for both CPWM and modified CPWM, it has been calculated numerically. Fig.
5.15 shows the normalized peak-to-peak LDN input voltage as a function of the
modulation index in case of SPWM, CPWM and mCPWM.
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ﬁérpp /
0.1 ™N //
e
/
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Fig. 5.15. Normalized peak-to-peak LDN input voltage as a function of modulation index in
case of SPWM, CPWM and mCPWM.
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The maximum peak-to-peak LDN voltage ripple can be determined according to
Fig. 5.15 for SPWM, CPWM and mCPWM respectively as:

- max 1

By|  =0169=—  for SPWM (m=1) (5.45)
- max 1
B | =004=—-  for CPWM (m=115) (5.46)
- max 1
Byl =002=r5  formCPWM (m=07) (5.47)

Finally, using (5.42), (5.45), (5.46) and (5.47), the maximum amplitude of the peak-
to-peak voltage ripple for different modulations can be written as:

max 1

ah =% for SPWM 5.48

U3 PP 12 f CL ( )

i ™ a e g cpwm (5.49)
PP 50 f L

55" 21 for mCPWM (5.50)
100f C,

The dc-link LDN capacitance can be calculated according to (5.48), (5.49) and (5.50),
for SPWM, CPWM and mCPWM, respectively, leading to

I

CL > % for SPWM (551)
12 £ 55,
C, >l forcPwM (5.52)
L max
50 f 03 Pp‘
C,>— T formcPwM (5.53)
max
100 fv3 P

It can be noticed that the modulation strategy has an influence on the dimensioning
of the capacitor of the LDN cell.

B. H-bridge cell

For the H-bridge cell, the dc-link capacitance can be calculated by (5.34) and (5.44),
leading to:
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1y,
H ac
2n f V] 2

Cy >

(5.54)

1 m

Cypz—r—I
Mo 4nfvy 27

(5.55)

5.5. Simulation results

In order to verify the results obtained from the analytical developments, Mat-
lab/Simulink simulations have been carried out for the three-phase H-bridge LDN
configuration (Fig. 5.5) controlled by the SPWM, CPWM and modified CPWM. The in-
verter output is connected to a three-phase RLC circuit with unity power factor, emu-
lating the grid-connection through an ac-link inductor as shown in Fig. 5.16.

Fig. 5.16. Electrical circuit scheme of the RLC load.

Table 5.1 summarizes the circuit parameters and components used in the simula-
tions.

Table 5.1. Simulation setup parameters.

Parameter Symbol Value

Dc source voltage 1% 100 V
Dc-link LDN capacitor CL 1.1 mF
Fundamental and switching frequencies 1, fow 50 Hz, 2.5 kHz
Output series impedance Ro, Lo 6.5 Q, 34 mH
Equivalent grid (parallel impedance) Ry, Cq 30 Q, 44 pF

The instantaneous dc-link LDN voltage with its components are shown in Fig. 5.17
for SPWM, in Fig. 5.18 for CPWM, and in Fig. 5.19 for mCPWM over one fundamental
period (T = 20 ms) and for different modulation indexes (m = 0.25, 0.5, 0.75, and 1). In
particular, the top diagram represents the instantaneous voltage, the middle diagram
represents the low-frequency components, calculated analytically, and the bottom
diagram represents the switching ripple component.
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Fig. 5.17. Alternating LDN input voltage (top diagram), low-frequency component (middle
diagram), and switching ripple component (bottom diagram), for different modulation

indexes in case of SPWM.
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Fig. 5.18. Alternating LDN input voltage (top diagram), low-frequency component (middle
diagram), and switching ripple component (bottom diagram), for different modulation

indexes in case of CPWM.
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Fig. 5.19. Alternating LDN input voltage (top diagram), low-frequency component (middle
diagram), and switching ripple component (bottom diagram), for different modulation
indexes in case of mCPWM.
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5.6. Discussion

The theoretical (Th.) and simulations (Sim.) results in terms of peak-to-peak LDN
input voltage ripple are summarized in Table 5.2 for the four considered modulation
indexes in case of SPWM, CPWM and mCPWM.

Table 5.2. Max peak-to-peak dc-link voltage ripple of the LDN cell.

Low-frequency Low-frequency Low-frequency
component component component
- SPWM - - CPWM- -mCPWM-

m Th.[V] Sim.[V] Th. [V] Sim. [V] Th. [V] Sim. [V]

0.25 0.38 0.38 0.080 0.088 0.028 0.026
0.50 1.5 1.5 0.29 0.30 0.12 0.15
0.75 1.3 1.3 0.081 0.089 0.51 0.48
1.00 4.5 44 0.78 0.73 0.14 0.14

For all cases considered, the matching is within the expected resolution of a few
percent. It can also be noticed that, by changing the modulation strategy, there is a
noticeable decrease in the low frequency dc-link LDN voltage ripple, this leading to
more relaxed constraints in the design of the dc-link LDN capacitor.
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6. Improvement of RCC-MPPT in case of multiple
dc-link voltage harmonics

6.1. Introduction

The basic ripple correlation control (RCC) maximum power point tracking (MPPT)
algorithm has been proposed in [1]-[3]. Similar methods are presented in [4], [5] in
which the moving average (MAvg) concept has been used instead of high/low-pass
filters to identify the ripple signals (i.e. 2" harmonics, 100 Hz components). A modi-
fied RCC-MPPT algorithm has been introduced in [6]. In order to smooth out the insta-
bility introduced by fast irradiance transients, an hybrid RCC-MPPT method is intro-
duced in [5]. However, the literature does not provide analysis of the RCC algorithm in
case of multiple PV voltage and current harmonics, as in the case of multilevel invert-
ers. The implementation of MPPT schemes by RCC algorithm is discussed in case of
multiple ripple harmonics. A single-phase single-stage grid-connected photovoltaic
(PV) system based on H-bridge inverter and level doubling network (LDN) is consid-
ered, leading to a multilevel inverter having the double of output voltage levels com-
pared to the basic H-bridge inverter topology. The LDN is basically a half-bridge fed
by a floating capacitor, with voltage self-balancing capability. In this case, additional
voltage and current harmonics are introduced in the input dc-link of the H-bridge,
leading to multiple PV voltage and current low-order harmonics comparing to the 2nd
harmonic components in case of basic H-bridge configuration. Voltage and current
harmonic components are used in RCC schemes to estimate the voltage derivative of
the power dP/dV and to drive the PV operating point to the MPP. Different possible
dP/dV estimations have been proposed in case of multiple harmonics. The steady-state
and transient performances of the proposed RCC-MPPT schemes have been numeri-
cally tested and compared by MATLAB/ Simulink. Results have been verified by ex-
perimental tests considering the whole multilevel PV generation system.

6.2. PV voltage and current analysis

In the considered single-phase single-stage PV generation system (Fig. 6.1), the PV
field is directly connected to the input side of the H-bridge, so the PV field voltage cor-
responds to the H-bridge input dc-link voltage, whereas the PV current can be calcu-
lated on the basis of H-bridge input dc-link current and the whole dc-link impedance,
as shown in the following.

6.2.1. H-bridge input current analysis

The instantaneous input dc-link current i of the H-bridge is composed by its aver-
aged value over the switching period i", and the instantaneous switching ripple Ai".
Introducing also the average over the fundamental period I" (dc component) and the
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alternating low-frequency harmonic component i ", it becomes:

i =i AT =T T+ A 6.1)
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Fig. 6.1. Block diagram of the single-phase LDN multilevel inverter.

The analysis of the H-bridge input current has been given in details in Chapter 4.
All the components have been calculated analytically. In fact, the H-bridge input cur-
rent averaged over the switching period is given by (6.2).

- o {IacsinS (msin9—m|sing|),  m|sin9|<0.5 62)

iT=T" i =
I,.sin8 (msin8—1+m|sin9|), m|sin9|>0.5

Furthermore, the harmonic spectrum of the averaged H-bridge input current has
been calculated analytically in Chapter 4 as:

i :%{m +(2Uy - U, )sin8—mcos28 - Y. (U,,,1~U,_)sinn$ |1, (6.3)
n=3

where n >3 is odd and I, is the amplitude of output current.

6.2.2. PV voltage analysis

As for the current in Equation (6.1), the instantaneous H-bridge dc-link voltage v,
corresponding to the PV voltage in the considered single-stage PV generation scheme,
is composed by its averaged value over the switching period v and the instantaneous
switching ripple Av. Introducing the average over the fundamental period V (dc com-
ponent) and the alternating low-frequency harmonic component 7, it becomes:
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v=0+Av=V+0+Av = V+7 (6.4)

The switching frequency component Av is strongly smoothed by the dc-link capaci-
tor, and it is usually negligible for switching frequencies starting from few kHz. It is
assumed here Av = 0.

The amplitude of the k* order harmonic component V), has been calculated in

Chapter 4 as:
V. =Z I} (6.5)
being Z, the total dc-link impedance for the kt harmonic, given by the parallel

between the reactance of the dc-link capacitor (Cy), and the equivalent resistance of the
PV field (Rpy = Vypp/Iypp in the vicinity of the MPP):

R
Zk = LV > (66)
\/(vak(,l) CH) +1

Considering realistic parameter values for PV fields and dc-link capacitors, the
assumption Rpy, >> 1/(koCh) is generally satisfied, and (6.6) becomes:

Zy = L (6.7)
ko CH
Using the previous assumption, (6.5) can be written as:
1
V. = Iy 6.8
k ko CH k ( )

Considering only the 1%t and 2" dominating harmonic components, the amplitude
of individual harmonic is needed in the proposed RCC schemes to estimate the voltage
derivative of the power dP/dV and to drive the PV operating point to the MPP.

In addition to the calculation of the amplitude of individual PV voltage harmonics,
the peak-to-peak of the PV voltage oscillation is evaluated, being the amplitude of this
oscillation generally lower than the sum of all the harmonic amplitudes.

As known, the equivalent PV series resistance R, around the MPP (i.e., Vypp/Lypp )
is generally much higher than the dc-link capacitor reactance 1/(koCy), considering
realistic parameter values for PV fields and dc-link capacitors Ch. As a consequence,
the most of the alternating input current component of the H-bridge is circulating on
the dc-link capacitor, and the alternating dc-link (PV) voltage component can be
calculated by integrating the alternating current component i given by (6.2), being
I" =ml,./2, as expressed in (6.3).

In this case, the peak-to-peak PV voltage low-frequency alternating component can
be calculated as:
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2n—arcsin(ﬂ)
Iy J' [ﬂ_mcosgg)] ds, m<0.5
TH—aI‘CSiIl(%)
By = 69)
2n—arcsin(i) arcsin L)
_%;. j [—%~shﬂ%}d9+2 j [%—manSﬂdS ,m20.5
()
H n+arcsin(—) arcsin (ﬂ)
2m 2

Equation (6.9) can be written as:

~ I ~
Upp = ﬁ Uy (6.10)

being i, the normalized low-frequency PV voltage component, given by:

r 2
i —marcsi{%)+%+m7\/4—m2:|, m<0.5

sl (6.11)

pp
i 2
i 2marcsir(ij—@+ 1—L—marcsix{ﬂj+m— 4-m? ,m>0.5
2m| 2m) 2 am? 2 2

Fig. 6.2 shows the normalized peak-to-peak PV voltage low-frequency alternating
component as a function of modulation index, in case of unity sinusoidal output
current with unity power factor, for H-bridge configuration (green dashed trace) and
for the H-bridge with LDN (bleu and red traces). In case of H-bridge with LDN
configuration, it can be noted that the normalized peak-to-peak PV voltage ranges
between 0 and 0.15 =3/20. The absolute maximum of PV voltage becomes:

max_i Iac

-~ n e (6.12)

Upp

If the maximum low-frequency PV voltage oscillations is assigned, the dc-link
capacitor can be sized by reversing (6.12):

Cpeo lac (6.13)
H 20 f~ max
v
pp
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Fig. 6.2. Normalized peak-to-peak PV voltage as a function of modulation index in case of
sinusoidal current with unity power factor (I..=1A). Basic H-bridge configuration (dashed line)
and H-bridge with LDN (continuous lines).

Comparing the normalized peak-to-peak PV voltage oscillations in case of basic (H-
bridge) and multilevel (H-bridge with LDN) inverter configurations, the dc-link
capacitor in case of H-bridge with LDN should be doubled, according to Fig. 6.2 in
order to have the same peak-to-peak PV voltage oscillations.

6.2.3. PV current analysis

As for the PV voltage v, the instantaneous PV current i can be written in terms of
components, corresponding to (6.4). Neglecting the switching frequency component, it
becomes:

i=1+1 (6.14)

being I the average over the fundamental period (dc component) and i=3/ Rpy the
alternating low-frequency harmonic component. Note that, due to the steady-state be-
havior of dec-link capacitor, I =1I".

Basing on the peak-to-peak PV voltage given by (6.10) and (6.11), the peak-to-peak
PV current ( ?pp =0,, / Rpy ) can be written as:

I r 2
—ac —marcsi{ﬂj+ﬂ+m— 4-m? |, m<0.5
RPVmCH_ 2 2 2

r 2
e 2marcsi\{ij—ﬂ+ I—L—marcsir(ﬂj+m— 4-m? |,m>0.5
RpyoCy | om) 2\ 4m? 2 2

As an example, Fig. 6.3 shows the peak-to-peak PV current low-frequency compo-
nent as a function of modulation index in case of dc-link capacitor Cu = ImF and unity

pr—

sinusoidal output current with unity power factor, considering a PV series equivalent
resistance R,,=40Q.
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Fig. 6.3. Peak-to-peak PV current as a function of modulation index in case of Ic=1A
(sinusoidal current with unity power factor), Rp, =409, and Cu= 1mF.

According to (6.10), (6.11) and (6.15), it is clear that the amplitudes of the PV voltage
and current oscillations are inversely proportional to the dc-link capacitor C; since the
dc-link capacitor reactance is dominating the dc-link impedance. However, amplitude
of PV current oscillations also depends on Ry, which is a function of the operating
point on the PV field characteristic. Considering a PV plant of few kW (single-phase),
Rpy is ranging between few Q near the open-circuit point, passing around few tens Q
near the MPP, up to hundreds or even thousands Q toward the short-circuit point [7].
These considerations can be readily exploited to design the dc-link capacitor Cy in
order to obtain PV voltage and current oscillation amplitudes in the order of few %
comparing to the rated MPP values.

6.3. RCC-MPPT algorithms in case of single and multiple PV harmonics

The block diagram of the whole PV control scheme is depicted in Fig. 6.4. The RCC
algorithm is used to estimate the voltage derivative of the power, dP/dV, driving the
working point toward the MPP and determining the reference grid current amplitude
Ig*. In particular, the reference dc-link voltage v* is simply obtained by integrating the
estimated dP/dV, I* is determined by a PI voltage regulator, and dq current controller
has been implemented in order to inject a sinusoidal grid current with unity power
factor.

In order to provide for a comparative example of PV voltage and current oscilla-
tions in case of basic (H-bridge) and multilevel (H-bridge with LDN) inverter configu-
rations, Fig. 6.5 shows the results of a numerical simulation considering the two con-
version schemes in the same working conditions. It is clearly visible that PV voltage
and current contain only the 2" harmonic (100 Hz) in case of H-bridge without LDN
(left column). Increasing the number of the output voltage level from 3 to 5 with the
considered LDN configuration, a relevant 1st harmonic (50 Hz) clearly appears in addi-
tion to the 24 harmonic in both PV voltage and current.
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Fig. 6.5. Simulation examples of: (a) grid current and inverter output voltage, (b) PV voltage,
and (c) PV current, in case of H-bridge without LDN (left column), and in case of H-bridge
with LDN (right column).

6.3.1. Basic RCC-MPPT algorithm in case of single PV harmonic

In case of single-phase single-stage PV systems, being the inverter directly con-
nected to the PV field, inherent 27 order harmonic of instantaneous power appears in
PV current and PV voltage. As known, ripple correlation control algorithm uses these
oscillations for providing information about the operating point of the PV field. For the

considered working point Q, the voltage derivative of the PV power dP/dV is written
as:
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apl_ g4y (6.16)
avly dvly

where dI/dV is defining the relation between PV current and PV voltage harmonics as:

d
av

i= 7 (6.17)
Q
Generally speaking, the most popular RCC-MPPT implementation consists in

multiplying the voltage harmonic by the current harmonic, and integrating over the
harmonic period, i.e., half of fundamental (grid) period T/2, as:

t

i0dt
Aary et LV, I (6.18)
avip CvE O,
Q I?szt 2
t=T/2

Assuming the fundamental output frequency 50 Hz (period T), the concept of mov-
ing average (MAvg) is introducing over 100 Hz (period T/2) in (6.16) and (6.18) can be
rewritten in terms of block diagram representing the estimation of dP/dV, being ¥ and
i calculated by (6.4) and (6.14), respectively, as shown in Fig. 6.6.

( R

Fig. 6.6. Block diagram of the basic RCC algorithm to estimate dP/dV in case of a single
harmonic component using MAvg over 100 Hz (24 harmonic).

6.3.2. Proposed RCC-MPPT algorithm in case of multiple PV harmonics

In case of multiple PV voltage and current harmonics (multilevel topology), the es-
timation of dI/dV (and then dP/dV) should be carried out by considering a specific har-
monic (k* order), preferably the one with highest amplitude to increase the resolution.
In this case, (6.17) can be rewritten as:

-100 -



Level Doubling Network and Ripple Correlation Control MPPT Algorithm for Grid-Connected Photovoltaic Systems

~ dl
T

Og (619)
Q

By following the same approach as in previous Sub-section, (6.18) can be
summarized for each considered harmonic as:

t
) j'ka dt
dl < I,V I
== - kvzk — (6.20)
~ k
< J‘v,z‘ dt ¢
t-T

Note that integrals in Equation (6.20) are now calculated over the fundamental pe-
riod T (corresponding to the grid frequency), as defined by Fourier series to calculate
the k" harmonic. The implementation of Equations (6.16) and (6.20) is shown in the
block diagram of Fig. 6.7, estimating the dP/dV considering only the k** harmonic com-
ponent.

' 7
. + et ES I I
i MAvg |1-& 1 " k
50 Hz Y, k" harmonic il
al dp
A
 LPF}
FS Vk
k" harmonic 14
N\ J

Fig. 6.7. Block diagram of proposed RCC estimating dP/dV by Fourier series (FS) with a single

harmonic.

An alternative approach consists in extending the period of the moving average in
the basic RCC scheme of Fig. 6.6 from the half (T/2) to the whole fundamental period T
(from 100 Hz to 50 Hz), according to:

iodt
ﬂ - (6.21)
dVQ tz
Iz? dt
t-T

The corresponding block diagram to estimate dP/dV is presented in Fig. 6.8.
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. J

Fig. 6.8. Block diagram of the modified RCC algorithm to estimate dP/dV extending
MAuvg over T (50 Hz).

The relationship between the single harmonic method given by (6.20) and the
extended moving average method (6.21) can be carried out by considering all the
harmonics of the alternating PV voltage and current components:

=0, 1= 0 (6.22)
In fact, considering the Parseval’s theorem and introducing (6.22) in (6.21), the
estimation of dI/dV can be written as:

t
tITZk ikzkak dt ) Zklkvk

dl ‘ z
fhaall R = - (6.23)
Q ~ |2 k
J- (Zk (4% ) dt k
t=T
Eq. (6.23) can be reorganized multiplying and dividing by V}, as follows:
I diff
v2 1k w,
dl Zk[ k ij zk( k dVQ]
— =- 5= (6.24)
av Q Zk Vi zk Wi

Eq. (6.24) states that the estimation of dI/dV made by the modified moving average
method (6.21) (i.e., MAvg over the fundamental period T) is equivalent to the weighted
average of the estimation of dI/dV obtained by the individual harmonics (6.20), using as
weight (w,) the square of the k" voltage harmonic amplitude:

wy = V¢ (6.25)

In order to preliminarily prove the effectiveness of modified RCC comparing to ba-
sic RCC for the estimation of dP/dV, a simulation example is given in Fig. 6.9.
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Fig. 6.9. Simulation results: steady-state estimation of dP/dV by RCC with moving average over
different periods and working points on the left (V;* =45 V) and on the right (V,*=55 V) of the
MPP (Viurp =50 V). Top traces : MAvg over T/2 (100 Hz, basic RCC), and bottom traces: MAvg
over T (50 Hz, modified RCC).

In particular, considering a simple linear I-V curve corresponding to a parabolic P-V
curve, the dP/dV is calculated by the basic RCC scheme of Fig. 6.6 (MAvg over T/2, 100
Hz, top), and the modified RCC scheme of Fig. 6.8 (MAvg over T, 50 Hz, bottom), in
case of H-bridge with LDN (i.e., Fig. 6.1, and Fig. 6.5, right column). Reference is made
to the two steady-state operating points symmetrically placed on the left- and on the
right-side of the MPP, corresponding to dP/dV = + 0.25 A, as depicted in Fig. 6.9. It is
evident that applying the MAvg at 100 Hz results in an oscillating estimation of dP/dV
whereas the estimation is precise and stable applying the MAvg at 50 Hz, as a
consequence of Eq. (6.21).

6.4. Simulations and comparative analysis

Simulation results have been carried out in order to prove the theoretical develop-
ments presented in previous sections. Reference is made to the multilevel inverter con-
figuration obtained by cascading H-bridge and LDN, as in Fig. 6.1. Single phase grid-
connected photovoltaic systems have been numerically implemented by MATLAB-
Simulink on the basis of the parameters shown in Table 6.1. A string of series/parallel
connected PV modules has been adopted as PV source, according to the data given in
Table 6.2 (STC). In particular, PV modules are SP-305 type (96 cells, monocrystalline).

Table 6.1. Simulated system parameters.

Parameter Symbol Value
Grid voltage (RMS) Vg 230V
Ac-link inductor Ls, Ry 10 mH, 0.1 Q
PI regulator Kp, K1 20,10
Ac-link H-bridge capacitor CH 5 mF
Dc-link LDN capacitor CL 20 mF
Switching frequency fow 2kHz

-103 -



Manel Hommami - PhD Thesis Chapter 6

Table 6.2. PV array specifications (STC).

Parameter Symbol Value
Open circuit voltage Voc 642V
Short circuit current Isc 596 A
Maximum photovoltaic voltage Vmpp 54.7V
Maximum photovoltaic current Impp 5.58 A
Number of series-connected mod- Ns 9
ules per string

Number of parallel strings Np 3

Fig. 6.10 shows the simulation results obtained by estimating dP/dV by (6.16) and
(6.21), i.e. MAvg over 50 Hz, as in Fig. 6.8, when an irradiance transient occurs (Fig.
6.10a). It can be noted that the estimation is correct and stable in steady-state. How-
ever, as generally known for RCC, it is oscillating during the irradiance transients, in-
troducing dc-link voltage overshoots (Fig. 6.10c), acceptable PV current transients, but
large grid current fluctuations (Fig. 6.10e).
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Fig. 6.10. Irradiance transient in case of RCC-MPPT algorithm using
MAwvg over 50 Hz (Fig. 6.8): (a) irradiance, (b) estimated dP/dV,
(c) PV voltage, (d) PV current, and (e) grid current.

The P(V) trajectory of the previous transient is presented in Fig. 6.11, together with
the static characteristics of the PV field. The large transient corresponding to the in-
creasing irradiance ramp is well visible.
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Fig. 6.11. Trajectory of the working point on P(V) plane in case of RCC-MPPT algorithm
using MAvg over 50 Hz, corresponding to Fig. 6.10.

Fig. 6.12 shows the simulation results obtained by estimating dP/dV by (6.16) and
(6.20), i.e. considering only a specific harmonic order, as in Fig. 6.7, in this case the first
harmonic (50 Hz) is considered. It can be noted that the estimation is correct and stable
both in steady-state and during the irradiance transients, with very small and
acceptable perturbations (Fig. 6.12b) just at the beginning and at the end of the
irradiance ramps (Fig. 6.12a). The resulting PV voltage and current are smoothed (Figs.
6.12cd), and the grid current changes its amplitude between the steady-state values
with a profile corresponding to the irradiance ramp, practically without any further
transient (Fig. 6.12e).
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Fig. 6.12. Irradiance transient in case of RCC-MPPT algorithm using only the 50 Hz
harmonic components (ES, Fig. 6.7): (a) irradiance, (b) estimated dP/dV, (c) PV voltage,
(d) PV current, and (e) grid current.
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The P(V) trajectory of the previous transient is presented in Fig. 6.13, together with
the static characteristics of the PV field. In this case, the working point straightly
moves between the steady-state MPPs, without any oscillations.
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Fig. 6.13. Trajectory of the working point on P(V) plane in case of RCC-MPPT algorithm
using only the 50 Hz components (FS), corresponding to Fig. 6.12.

Similar results can be obtained by the Fourier Series method also selecting different
harmonics order. In any case, harmonics amplitude should be significant in order to
maintain a good resolution in the estimation of dP/dV. In the considered case of H-
bridge with LDN inverter, the other noticeable harmonic is only at 100 Hz, as clearly
visible in Fig. 6.5.

6.5. Implementation and experimental results

In order to verify the effectiveness of the multilevel PV inverter with the proposed
RCC-MPPT algorithms in both steady-state and transient conditions, a grid-connected
PV generation system with H-bridge and LDN has been implemented, according to the
circuit scheme of Fig. 6.14.

The picture of the corresponding experimental setup is shown in Fig. 6.15. It consists
of two power boards (H-bridge and LDN) based on Mitsubishi IGBT smart modules,
IPM PS22A76 (1200 V, 25 A), Yokogawa DLM 2024 oscilloscope with the PICO TA057
differential voltage probe (25 MHz, 1400 V, +2%) and LEM PR30 current probe (dc to
20 kHz, +20 A, +1%). Additionally, two current transducers model LA 55-P (LEM®
company) were used to measure PV and grid currents, while PV and grid voltages
were measured using two voltage transducers model LV 25-P (LEM® company). The
switching frequency of the multilevel grid-connected inverter is set to 2.5 kHz. For
digital implementation of current and voltage controllers, as well as the PLL and the
RCC-MPPT algorithms, a Digital signal processor DSP (DSP TMS320F28377D) was
used to generate the PWMs signals for the H-bridge and the LDN boards of the multi-
level LDN inverter. An optical interface board links DSP with power boards. Results
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are shown by oscilloscope screenshots, elaborating and emphasizing the signals of in-
terest. The main parameters of the experimental setup are given in Table 6.3.

R L
i L H Grid
Ie f i
S m S ]
Real
PV source A
A 11:10
Ve G== Y2 }l{

Linear-equivalent
PV source

AN J

Fig. 6.14. Circuit scheme of the experimental setup including the whole multilevel
PV generation system.

The DC source has been implemented by a resistive voltage supply with variable se-
ries resistance for preliminary steady-state and transient tests, according to the scheme
of Fig. 6.14. The corresponding parameters are given in Table 6.4.

For realistic tests, a reduced-scale array consisting of two series-connected PV mod-
ules has been adopted, introducing different irradiance conditions by cover-
ing/uncovering with a white leave, well representing sunny and cloudy conditions (the
sun irradiance on the PV module surface is ranging between 100% and 40% approx), as
shown in the right side of Fig. 6.15. The main parameters of the PV source are given in
Table 6.5, whereas the corresponding I-V and P-V characteristics, obtained from the
Lab by the charging transient of a capacitor (1 mF), are given in Fig. 6.16. Further
details about the experimental setup are given in Appendix A.

Table 6.3. System parameters.

Parameter Symbol Value
Dc-link H-bridge capacitance Cu 2.2 mF
Dc-link LDN capacitance CL 3.3 mF
AC filter capacitance Cr 25 pF

AC filter resistance and inductance Ry, Ly 1.1 Q, 8.8 mH
Grid voltage (RMS) (1:10 transformer) Vi 22/220 V
Grid (fundamental) frequency f 50 Hz
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Fig. 6.15. Picture view of the experimental setup in the Lab (left side) and arrangement of the
PV array (two modules) on the roof, free and shadowed by a white sheet (= 500 W/m? and
200 W/m?, right side).

Table 6.4. Resistive DC source parameters.

Parameter Symbol Value
DC voltage supply Vs 100 V
DC source resistance (Rs) Ri, R, 400,20 Q

Table 6.5. PV source parameters — Standard test conditions (STC).

Parameter Symbol Value
Open circuit voltage Voc 434V
Short circuit current Isc 48 A
Maximum photovoltaic voltage Ve 34V
Maximum photovoltaic current Lpr 44 A
Number of series-connected PV N 2
modules

R., L. 0.5Q, 40 pH

Resistance and inductance of PV cable
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YOKOGAWA 4 2017/10/18 14:57:02
|

Fig. 6.16. P-V and I-V characteristics of the PV array including the cable
with an irradiance of 500 W/m? (top) and 200 W/m? (white sheet, bottom)
and Teen = 35 °C (reference is made to Fig. 6.15).

The first test is carried out in order to verify the input/output steady-state wave-
forms of the considered multilevel inverter, in the grid-connected configuration shown
in Fig. 6.14 with resistive DC supply (linear-equivalent PV source). In particular, Fig.
6.17(a) shows grid voltage and current (top half screen) and PV voltage and current
(bottom half screen), whereas Fig. 6.17 (b) shows the time zoom of inverter voltage and
current (top half screen) and PV voltage and current (bottom half screen). As expected,
the inverter voltage has a proper multilevel waveform over 5 levels, and inverter (grid)
current is almost sinusoidal despite the switching frequency is only 2.5 kHz, with unity
power factor. PV voltage and PV current have oscillations including both 1st and 24
harmonic components (50 and 100 Hz, respectively), in phase opposition.

Res(G1) 1.73813 A

(a) (b)

Fig. 6.17. Input/output steady-state waveforms of the converter with Vs=100 V, R=60 Q,
V=Vupr=50 V: (a) grid voltage and current (top traces), PV voltage and current (bottom traces),
(b) time zoom: inverter voltage and current (top traces), PV voltage and current (bottom traces).
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The following tests are carried out in order to verify the dynamic performance of
the different RCC-MPPT algorithms in case of irradiance transients. In particular, two
sets of experimental tests have been considered. First, the linear-equivalent PV source
has been selected in order to simulate extremely fast irradiance transients by switching
on/off the series resistances, performing dynamic comparative tests for all the four
types of RCC-MPPT algorithms. Last tests are performed considering the real PV
source, introducing irradiance transients by shadowing/unshadowing the PV modules
by a white sheet, well representing the effects of real clouds (reference to Figs. 6.15 and
6.16).

Fig. 6.18 shows the grid voltage and current as well as the PV current and voltage
in case of transients obtained by switching on/off the series resistances (Fig. 6.14, Table
6.4), representing a step irradiance transient. Diagrams in Fig. 6.18 (a) are based on the
basic RCC scheme with MAvg over 100 Hz (corresponding to Fig. 6.6), while diagrams
in Fig. 6.18 (b) are based on the modified RCC scheme with MAvg over 50 Hz
(corresponding to Fig. 6.8).

In both cases, as expected, the steady-state MPP voltage is equal to the half of the
DC source voltage (Vs =100V, V,;pp=50V). In this case, the (equivalent) irradiance step
is seen as a perturbation by the PV voltage controller. Correspondingly, the PV current
shows a fast step transient. Despite the basic RCC scheme gives acceptable results, it
leads to larger overshoots and higher settling times comparing to the modified RCC.

Fig. 6.19 shows the same quantities with the same kind of transients as in Fig. 6.18,
but referred to the modified RCC schemes employing only a specific harmonic
component (reference is made to Fig. 6.7).

dinm | i 1L e |
ETRER AT e I il W

(a) (b)

Fig. 6.18. Experimental results of RCC-MPPT algorithms in case of step transients of Rs.

Top traces: grid current and voltage. Bottom traces: PV current and voltage.
(a) MAvg over 100 Hz and (b) MAvg over 50 Hz.
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In particular, diagrams in Fig. 6.19 (a) are obtained by the modified RCC scheme
based on the 2" harmonic component (100 Hz), whereas diagrams in Fig. 19 (b) are
obtained by the modified RCC scheme based on the 1st harmonic component (50 Hz).
Both these modified RCC-MPPT schemes give similar results, being similar the
amplitude of voltage and current harmonics with smoothed overshoots and short
settling times for the PV variables. In particular, the modified RCC scheme employing
the 1st harmonic component (50 Hz) seems the more effective, also offering the
advantage of using the highest harmonic amplitude in the typical modulation index
range for grid-connected PV generation schemes (i.e. m between 0.7 and 0.8).

(a) (b)

Fig. 6.19. Experimental results of modified RCC-MPPT algorithms in case of step of Rs.
Top traces: grid voltage and current. Bottom traces: PV voltage and current.
(a) using only 2"¢ harmonic (100 Hz), and (b) using only 1t harmonic (50 Hz).

For these reasons, only this last modified RCC-MPPT scheme is considered in the
last tests presented in Fig. 6.20, considering a real PV source (2 PV modules), in real
environmental operating conditions, and with realistic irradiance transients. Increasing
and decreasing sun irradiance transients obtained by shadowing and unshadowing the
PV modules by a white sheet have been considered, corresponding to the P-V and I-V
characteristics of Fig. 6.16 (500 W/m?2 and 200 W/m?). In particular, Fig. 6.20 shows grid
voltage and current (top half screen), together with PV voltage and the estimation of
dP/dV (bottom half screen). As expected, the estimation of dP/dV fails during the initial
part of the transient, but without to introduce particular drawbacks in PV and grid
variables. In fact, both for increasing and decreasing irradiance transients, grid current
amplitude has a smoothed and fast profile, without significant overshoots.
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(b)

Fig. 6.20. Decrease and increase sun irradiance transients (500 W/m?- 200 W/m?)
using only the 50 Hz harmonic component (Fourier).

6.6. Discussion

A single-phase single-stage PV generation system with multilevel output voltage
waveforms and improved RCC-MPPT algorithm has been proposed and examined in
details. The multilevel inverter is implemented by an LDN cell, as kind of retrofit to
the basic H-bridge cell, increasing the output voltage levels from three to five. In
addition to the 2 harmonic resulting from the basic H-bridge configuration, a
multilevel configuration introduces additional voltage and current harmonics on the
input (PV) side. In particular, a relevant 1st order harmonic is noticeable, the 3
harmonic is slightly appreciable, whereas higher order harmonics are completely
negligible. Both PV voltage and current harmonic amplitudes are analytically
calculated in the whole modulation range, offering the possibility of a precise and
effective design of the DC-link capacitor to satisfy the ripple requirements.

Due to the additional harmonics, the basic RCC-MPPT scheme becomes inadequate,
leading to a misestimation of dP/dV. A modified RCC scheme extracting the amplitude
of a specific harmonic form PV voltage and current waveforms has been proposed in
order to overcome this drawback. Reference has been made to the harmonic with
highest amplitude in order to maximize the resolution, leading to a precise estimation
of dP/dV. It has been verified that a correct estimation of dP/dV can be simply obtained
by doubling the time window of low-pass filters in the RCC scheme (i.e., moving
average, from T/2 to T). It has been proved that the resulting dP/dV is a weighted
average of all the dP/dV estimations performed by the individual PV voltage and
current harmonics, being the weight the individual voltage harmonic amplitude itself.

Numerical and experimental tests have been carried out to prove the effectiveness of
the whole PV generation scheme, including multilevel waveforms and improved RCC-
MPPT algorithms. Both linear-equivalent PV source and real PV source have been
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implemented in the experimental setup, considering both steady-state and fast sun

irradiance transient conditions in order to verify the dynamic performance of the
different RCC-MPPT methods.
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7. Conclusion and perspectives

7.1. Conclusion

This thesis deals with the improvement of the stability and the dynamic perform-
ance of Ripple Correlation Control (RCC) Maximum Power Point Tracking (MPPT) al-
gorithms in case of grid-connected inverters with particular reference to the transient
behavior. In order to improve the power quality, a new multilevel inverter topology
with level doubling network (LDN) is introduced. It is based on a modular half-bridge
(two switches) cascaded to a full H-bridge in order to double the output voltage levels.
The improvement of the RCC scheme has been extended to the case of multilevel in-
verters since additional PV voltage and current low-frequency harmonics are intro-
duced, perturbing the basic implementation of the RCC scheme, leading to malfunc-
tioning. In order to estimate the voltage derivative of power (dP/dV) and to drive the
PV operating point to the Maximum Power Point (MPP) in a more precise and faster
manner, analytical calculation of voltage and current harmonic components used in
RCC schemes has been presented and different possible dP/dV estimations have been
proposed in case of multiple harmonics, and a specific case with LDN has been consid-
ered. The expressions of the peak-to-peak dc-link current and voltage ripple ampli-
tudes have been analytically determined as a function of the modulation and effective
normalization has been introduced to better design the dc-link capacitors of both H-
bridge and LDN cells basing on the desired dc-link voltage ripple requirements. The
analysis is accompanied with the numerical simulation and experimental results. Ex-
perimental verifications of the LDN inverter and also of RCC-MPPT algorithms in case
of multiple harmonics have been carried out.

7.2. Perspectives

A significant new knowledge has been developed and presented in this PhD thesis.
However, a large space is left for further research works. Some of them are listed here,
as possible realistic perspectives:

e the extension to the three-phase multilevel conversion systems can be further
developed, including the performance of the RCC-MPPT;

e hardware implementation of a three-phase conversion system, including a
RCC-MPPT algorithm, to investigate the possibility of extension to medium-
high power PV plants;

e investigation of the possibility to apply the multiple harmonics RCC to other
multilevel inverter configurations (both single-and three-phase);
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e extension of the analysis to any phase angle between grid voltage and inverter
current (any output power factor);

e investigation of different multilevel modulation strategies in case of three-
phase inverters.
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Appendix A - Experimental setup

A.1. General description

All experimental activities related to the design and practical realization of the con-
sidered configurations were carried out in the laboratory “SolarTronic ST-Lab” at the
department of Electrical, Electronic and Information Engineering ““Guglielmo
Marconi”, University of Bologna and headed by Professor Gabriele Grandi. The
picture of the experimental setup of a grid-connected PV generation system with H-
bridge and LDN is shown in Fig. A.1. It consists of two power boards (H-bridge and
LDN) based on Mitsubishi IGBT smart modules, an IPM PS22A76 (1200 V, 25 A,
Mitsubishi Electric Corporation, Tokyo, Japan), a Yokogawa DLM 2024 oscilloscope
(Yokogawa Electric Corporation, Tokyo, Japan) with the PICO TAO057 differential volt-
age probe (25 MHz, 1400 V, 2%, Pico Technology, Tyler TX, USA) and LEM PR30
current probe (dc to 20 kHz, +20 A, +1%, LEM Europe GmbH, Fribourg, Switzerland).
Additionally, two current transducers model LA 55-P (LEM® company) were used to
measure PV and grid currents, while the PV and grid voltages were measured using
two voltage transducers model LV 25-P (LEM® company). For the digital
implementation of current and voltage controllers, as well as the PLL and the RCC-
MPPT algorithms, a Digital signal processor DSP (DSP TMS320F28377D) was used to
generate the PWMs signals for the H-bridge and the LDN boards of the multilevel
LDN inverter. An optical interface board links DSP with power boards.

Fig. A.1. Picture view of the experimental setup in the Lab (left side) and arrangement of
the PV array (two modules) on the roof, free and shadowed by a white sheet (= 500 W/m?
and 200 W/m?, right side).
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A.2. PV module

For realistic tests, a reduced-scale array consisting of two series-connected PV mod-
ules has been adopted, introducing different irradiance conditions by cover-
ing/uncovering with a white leave, well representing sunny and cloudy conditions (the
sun irradiance on the PV module surface is ranging between 100% and 40% approx), as
shown in the right side of Fig. A.1. The main parameters of the PV modules (Solar shell
5Q 150-C) are given in Table A.1.

Table A.1. PV source parameters — Standard test conditions (STC).

Parameter Symbol Value
Open circuit voltage Voc 434V
Short circuit current Isc 48 A
Maximum photovoltaic voltage Vmpp 34V
Maximum photovoltaic current Ivpp 44 A
Number of series-connected modules per string Ns 2
Number of parallel strings Nr 1

A.3. Power converters

The power module used for the experimental tests is a three-phase Mitsubishi
PS22A76 intelligent power IGBT dc/ac inverter. The top and bottom sides of the in-

verter are presented in Fig. A.2.
The main characteristics of the power module used are summarized in Table. A.2.

L i daddidird

Fig. A.2. Mitsubishi PS22A76 three-phase inverter.
(left) top side and (right) bottom side.

Table A.2. Main characteristic of the power modules

Parameter Value
Rated voltage 1200 V
Rated current 25 A

Maximum PWM input frequency 20 kHz
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The power board with the IGBT three-phase power module was available in the
laboratory “SUN-Lab’ at the department of Electrical, Electronic and Information En-
gineering ““Guglielmo Marconi”, University of Bologna. Since LDN and the H-bridge
structures are needed, only 1 or 2 legs have been used and the other leg (s) of the three-
phase is grounded (it is not connected to the main circuit).

Fig. A.3 depicts the top and the bottom sides of the power board. The dc-bus, the ac
output (load) connection, control signal connections and an auxiliary control supply
for the control part are all marked in the top side of the board. On the bottom side the
power module is displayed. The power board has to be supplied by an isolated dc

supply (auxiliary supply).
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Fig. A.3. Top and bottom sides of the power board with a three-phase Mitsubishi PS22A76
intelligent power IGBT dc/ac inverter-power and control parts.

A.4. DSP board

The Delfino TMS320F28377D has been used to generate the PWM signals of the in-
verter. F28377D is a powerful 32-bit floating-point microcontroller unit (MCU) desi-
gned for advanced closed-loop control applications such as industrial drives and servo
motor control; solar inverters; digital power; transportation; and power line communi-
cations. The F28377D is a dual real-time control based on TI's 32-bit C28x floating-
point CPUs, which provide 200 MHz of signal processing performance in each core.
The DSP board is shown in Fig. A 4.

Table. A.3. summarizes the main characteristics of DSP board F28377D used for the
control part.
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Fig. A.4. Delfino TMS320F28377D.

Table A.3. Main characteristic of DSP board (Delfino F28377D)

F2837xD
C28x CPUs 2
Clock 200 MHz
Flash / RAM / OTP 512Kw / 102Kw / 2Kw
On-chip Oscillators v
Watchdog Timer 7
ADC Four 12/16-bit (SOC)
Buffered DAC 3
Analog COMP /DAC 4
FPU v’ (each CPU)
6-Channel DMA v (each CPU)
CLA v’ (each CPU)
VCU/TMU v' [ ¥ (each CPU)
ePWM / HRPWM vV
eCAP/HRCAP VIV

Code Composer Studio (CCS) and MATLAB/Simulink have been used to interact
with the DSP board. In particular, Fig. A.5 shows the Simulink library of the DSP fam-
ily F2837xD.

The Simulink system model is compiled, converted into a C-code, and then auto-
matically linked to the real-time TMS320F28377D processor through MATLAB/ Simu-
link. During the linking process, input—output (I/O) interface blocks, such as analog-to-
digital converter (ADC), digital-to-analog converter (DAC) and the enhanced PWM
(ePWM) should be included in the Simulink models. The behavior and performance of
the inverter can be monitored in real time by using the CCS software.
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Fig. A.5. Simulink library of the DSP familly TMS320F2837xD.

A.5. Measuring equipments

Voltage and current probes have been used to measure all required parameters
such us the grid voltage, the grid current, the PV current and the PV voltage.

For voltage measuring, PICO TAO057 differential probe (25MHz, +1400V, +2%) is
used with its two different possible attenuation ratios 1/20 and 1/200. For current
measuring a LEM PR30 current probe (dc to 20kHz, +20A,£1%) is used. A solar-meter
(Mac-Solar SLM18¢-E) has been used to measure the instantaneous sun irradiance and
all the results have been taken by using a Yokogawa DLM 2024 oscilloscope. The volt-
age and current probes, the solar meter and the oscilloscope are presented in Figs. A.6
(a)-(d), from left to right, respectively.
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@) (b) © ()
Fig. A.6. Measuring equipments: (a) voltage prove, (b) current probe, (c) oscilloscope,
and (d) solar-meter.

A.6. Interface and acquisition boards
A.6.1. Interface board

The interface control board shown in Fig. A.7 provides a connection between DSP
board and the power switches (inverter). The board is designed to be supplied by +5V
dc voltage and it has twelve channels used to transfer control signals.

DED UNIBO
NOU 2016

TOP

Fig. A.7. Interface board.

A.6.2. Acquisition board

Current and voltage transducers have been used for the measurement of voltage
and current of both PV side and grid side inverter. Voltage and current sensors based
on Hall effect are readily available. Two current transducers model LA 55-P (LEM®
company) were used to measure PV and grid currents, while PV and grid voltages
were measured using two voltage transducers model LV 25-P (LEM® company).
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The acquisition system (Fig. A.9) has been designed by using the Altium software and
a designed scheme with some details from the Altium program is given in Fig. A.8.
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Fig. A.9. Acquisition boards
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A.7. Transformers and inductor for grid connection

The inverter has been connected to the grid (230 V, 50 Hz) by an isolation step-
down transformer (230/48 V, 200 VA) and a Variac (0-240 V, 13.5 A), in order to adjust
properly the voltage amplitude during the preliminary tests. The whole voltage ratio
during the main tests was 10:1 aprox (230/23 V). The ac-link inductor (8.8 mH) has
been realized by a simple air-core coil, connected in series between the inverter and the
isolation transformer, thought a safety bipolar power switch. The ac-link capacitor (25
uH) has been connected in parallel between the ac-link inductor and the isolation
transformer. Fig. A.10 shows these components. The three power resistors (20 Q each)
appearing on the left side of the picture have been used to implement the step changes
on the dc side.

Fig. A.10. Grid connection: auto-transformer 0-240 V (Variac), isolation transformer 230/48 V
(with bipolar switch), ac parallel capacitor, ac-link series inductor (air-core, on the floor).
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Appendix B — Fourier harmonic analysis

B.1. Harmonic analysis of output voltages

Due to the symmetry of the LDN output voltage, the normalized LDN output
voltage averaged over the switching period, corresponding to the low-frequency
components, can be written in terms of harmonics as

iy =up.=Ug+ Y up=Uy+ Y Ugcosk9) (B.1)
k=2 k=2
where U, is the average component and U, is the amplitude of k* harmonic
component, being k an even number.
The normalized modulating signal of the LDN cell can be written also as:

. . <
ute={ " [sin(®) , m[sin(9)<0.5 (B2)
1-msin(9) ,m|sin(9)[>0.5
In case of m|sin9|<0.5, the average component U, is given as:
2
Uy === (B.3)
n

In case of m|sin9|>0.5, the normalized LDN voltage can be written as follows:

m sind , 0< 8 <arcsin(/2m)

Upe = B.4
¢ |1-msind ,arcsin(l/Zm)SSSg B4

Integrating (B.4) over n/2, the average component can be calculated as:

2 Q. /2
Uy == jmsin9d9+ j (1-m sin9) d9 (B.5)
0 a,,

being o,,=arcsin(1/2m).

Leads to:

2
Uy=— [m + X Vam? -1 - arcsin(%)} (B.6)
T 2 m
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As a result, the average component of the normalized LDN output voltage can be
expressed as:

U = (B.7)

2 {m+£—\/4m2—1—arcsin%)} ,m>0.5
i 2

m

Knowing that (B.2) is an even function (only cosine terms as expressed in (B.1)), the
amplitudes of the low frequency components can be calculated as:

ot 1 2n
ydt=— [uj.cos(k9)d9 (B.8)
T
0

T
= 2 I Cos(
o
In case of msinY <0.5, the amplitude of the k? harmonic component U, of (B.2)
can be expressed as:
4m

u=————- keven B.9
k TC(k2 _1) ( )

In case of m|sin9{>0.5, U, has been calculated as:

n/2
=é [usccos(k9) d9 (B.10)
Y
0
n/2
u, = jm51n9cos(7c9)d9+ j (1-m sin9) cos(k9) d9 (B.11)
0 o,
Solving (B.11) leads to:
4
U, == [A, +B;] (B.12)
Y

The coefficients Ax and Bk can be calculated as:

Oy

A = jm sin3 cos(k9) d9 (B.13)
0
A = Y [k sin(ko,, ) +V4m? -1 cos(kocm)—2m} (B.14)
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n/2
By = [(1-m sing) cos(k9) d9 (B.15)

Oy

By =—%Sin(k(xm)+ 7 o [ksin(kocm) +v4m? -1 codkam)J (B.16)

To conclude, the amplitudes of the U can be expressed as:

2 M= 0.
U, = 4“(" -1 kis even (B.17)
[A) +B,] ,m >0.5

K
B.2. Harmonic analysis of input currents
For the H-bridge, the modulating signal can be obtained as

Uy =uy. =u,. —u, (B.18)

ac =Hac = Uy ac

=

Both H-bridge and LDN dc-link voltages can be considered almost constant. Being
V and V/2 the corresponding average components (over the fundamental period), the
normalized H-bridge and LDN voltages become 1 and 1/2, respectively. With this
assumption, and considering the averaged quantities over the switching period, the
power balance for LDN and H-bridge cells can be written as:

1- H
E i'= uéc lac
] ) (B.19)
1" =ty in
being i,. the instantaneous output current expressed as:
ige =1, siNS =iy, (B.20)

Replacing (B.1), (B.18) and (B.20) in (B.19), the harmonic spectra of LDN and H-
bridge input currents are calculated as:

it = (2u, -U,)sind - Z(le—un_l)sinnS}luc (B.21)
n=3
i :%l:m +(2Uy - U, )sing-mcos29— Y (U, —Lln_l)sinn\(}} I, (B.22)
n=3
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From Eq. (B.21), the amplitudes of the low-frequency input LDN current harmonic
components are:

I"=1;=0
It =(2Uy -U,)I,,  n>3odd integer (B.23)
Iy = U1 =Uya| L

From Eq. (B.22), the amplitudes of the low-frequency input H-bridge current

harmonic components are:

ac

I = %(zuo ~Uy)I,, n 23 odd integer (B.24)

1
IerI :E|Un+1 _Un—1|1ac
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Appendix C - Extension to general power factor angle

The calculation of dc-link current and voltage harmonics for H-bridge cell can be
extended from unity power factor to the case of general power factor angle as follows:

C.1. Low-frequency (averaged) current component for H-bridge cell

The analytical developments of Chapter 4 have been extended to an output current
with a general load phase angle. In this case, the instantaneous output current is:

iac =1, SiI\(S—(p)leuC (C1)

The averaged input H-bridge current is calculated based on (4.4), (4.5), (C.1) and
(4.3), as:

T, _ {I,,Csin(S—(p) (msin9—m[sing|),  m|sin9|<0.5 €2)

1
I,.sin(9—¢) (msinS—1+m|sin9|), msin9|>0.5

The H-bridge input current can be calculated in terms of harmonics, respectively,
as:

m cos+[U, sin(9 + ¢)—2U, sin(9 — ¢)]- mcos29 — ¢)+
“H
:—I 0
l 2 %+ Z[urw—l sin(n9+¢)- U, sin(n9— (p)]
n=3

(C.3)

where n > 3 is odd, and the terms U, U, and U, are defined in the Appendix B.
From Eq. (C.3), the amplitudes of the low-frequency input H-bridge current
harmonic components in case of general phase angle are:

" :%Iacmcoscp

g 1 )
Iy = Elac (cos@)* (U, —2U, ) +(sing)?* (U, +2U, )*

1
15 :Elﬂcm

(C4)

| ;
In :E Iac (COS(P)Z (Un+l - un—l )2 + (Sln(P)z (Un+l + Un—l )2

It can be noted that the 27 order harmonic is constant (only depends on the
modulation index), where the 1%t is changing with the output phase angle.
Fig. C.1 shows the first harmonic amplitudes of H-bridge input current as a

function of modulation index and output phase angle.
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Fig. C. 1. First harmonic amplitudes of H-bridge input current for sinusoidal unity output
current as a function of the modulation index and output phase angle ¢ = 0°, 30°, 60° and 90°.

It can be noted that near the working conditions (the corresponding modulation
index is equal to m = 0.82), the amplitudes of first harmonic H-bridge input current is

not a function of the output phase angle ¢.

The instantaneous input current, its low-frequency component corresponding to the
averaged value over the switching period, and its dc component are shown in Fig. C.2
for H-bridge cell for two cases of output phase angle.
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Fig. C.2. Input current and its averaged counterpart for m = 0.5 (top) and m =1 (bottom) of the
LDN cell (left) and H-bridge cell (right) in case of unity output current (l.c = 1A) and output
phase angle ¢ =30° (left) and 60° (right).

The H-bridge low-frequency components shown in Fig. C.2 are calculated by equa-
tion (C.2).

-130-



Level Doubling Network and Ripple Correlation Control MPPT Algorithm for Grid-Connected Photovoltaic Systems

C.2. Low-frequency voltage component for H-bridge cell

The amplitudes of the low-frequency input voltage components at k*» harmonic V'
can be calculated on the basis of the amplitudes of the low-frequency input current
components (C.4), and the dc-link equivalent impedance as:

Vi =z I (C.5)

being Z; the parallel between the reactance of the dc-link capacitor Cu, and the equiva-
lent input resistance Rs, calculated at the k*» harmonic order:

z R, (C.6)

k =
JPRZ0*Cp2+1

Considering realistic parameters of a photovoltaic module, the equivalent series
resistance Rs is always larger than (1/kw Cr). In this case, Eq. (C.6) becomes:

—
k(DCH

(C.7)

Introducing (C.7) in (C.5) and considering (C.4), the amplitudes of the low-frequency
input voltage components at the k" harmonic become:

1
kO)CH

Ve Iy (C.8)
Considering only the first and second harmonic order, the voltage amplitudes can

be expressed as:
. 1

1 ;
Vi = —_Iuc\/(COS(P)Z (U, —2U, ) + (sing)* (U, +2U, )* (C9)

H __ 1 ﬂl
2 20Cy 2

(C.10)

The first harmonic amplitude of H-bridge input voltage can be calculated
on the basis of (C.9) as:

vy = tac_yp (C.11)

- fCu

being U;' the normalized first harmonic amplitude of H-bridge input
voltage expressed as:

Ul = ﬁ\/ (cose)? (U, —2U, ) +(sing)? (U, +2U, P (C.12)
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The normalized first harmonic amplitude of H-bridge input voltage is represented
in Fig. C.3 as a function of the modulation index, for different output phase angles ¢.
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Fig. C.3. Normalized first harmonic amplitude of H-bridge input voltage for unity output current

as a function of the modulation index and output phase angle ¢ = 0°, 30°, 60° and 90°.

It can be noticed that, when the following condition occurs
U, =0 (C.13)

the normalized first harmonic amplitudes of H-bridge input voltage is not a function
of the output phase angle ¢. By solving (C.13) the corresponding modulation index is
equal to m = 0.82, and correspondingly

Uy (m=082) = 0.043. (C.14)
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