MODELING, MODULATION AND CONTROL OF HEXVERTER-BASED
MODULAR MULTILEVEL CONVERTERS
by
HECTOR R. ROBLES-CAMPOS
B.S., Universidad Panamericana Campus Guadalajara, 1997

M.S., University of Colorado Denver, 2018

A thesis submitted to the
Faculty of the Graduate School of the
University of Colorado in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Engineering and Applied Science
2022



This thesis for the Doctor of Philosophy degree by
Héctor R. Robles—Campos
has been approved for the
Engineering and Applied Science Program

by

Fernando Mancilla—David, Advisor
Miloje Radenkovic, Chair
Alireza Vahid
Tom Altman

Alejandro Angulo Cardenas

April 27, 2022

i



Robles—Campos, Héctor R. (Ph.D., Engineering and Applied Science)

Modeling, modulation and control of Hexverter—-based modular multilevel converters

Thesis directed by Professor Fernando Mancilla-David

ABSTRACT

Electrical power extraction from renewable energy sources such as photovoltaics
(PV), wind farms, and some others, have their own technical challenges. It is nec-
essary to perform the power processing tasks according to the nature of the power
supply and, at the same time, it is required to be compliant with technical regulations
and particular needs of final users. These tasks are achieved with the development of
power electronics converters and suitable control systems.

Modular multilevel converters (MMCs) have been during the last years, and will
continue to be in the near future, a trending research topic. To better process the
electrical power, MMCs can be used where two or three level power converters are
used today. This is essentially due to multiple advantages, such as, (i) inherent fault
tolerance or some times called redundancy, (7i) application in medium and high power
levels, (i) high scalability: in function of the number of power modules, (iv) better
quality of output power, and (v) comparatively low switching frequency.

Among the MMCs power converters there is a particular multilevel topology,
called “Hexverter”, suitable to connect two different three—phase AC systems typi-
cally running at two different frequencies. In this dissertation studies and solutions
developed for a Hexverter—based system spans from its modeling, control and detailed
assessment of modulation strategies.

Moreover, it is a fact that PV technology is a key tool that have enabled a
significant increment of electrical power extraction from renewable energy sources.

However, a phenomenon known as partial shading is a major source of power losses
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for PV plants. The presented research spans from PV array modeling, bypass diodes
modeling, and an application example of the proposed model comprising a compar-
ative evaluation of several maximum power point tracking algorithms operating in a
large grid—connected photovoltaic power plant. Simulation—based and experimental

validation results show the performance of the proposed solutions.

The form and content of this abstract are approved. I recommend its publication.

Approved: Fernando Mancilla-David
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CHAPTER 1
INTRODUCTION
1.1 Background

Among all varieties of power electronic converters, modular multilevel topologies
have attracted plenty of research attention within the last decades. This category
of power electronic converters can be used where two or three level power converters
are used today. Modular multilevel topologies feature advantages when compared to
other power converters. The main advantages include, but are not limited to, re-
duced requirements for series connection of semiconductor devices for same voltage
level, inherent redundancy, increased output power quality and relatively low switch-
ing frequency. Conversely, a drawback of these topologies is that as the number of
level increases, so does the complexity of the control. From this family of power
electronic converters there is a particular topology well suited to connect two dif-
ferent three—phase ac systems. It was firstly proposed back in 2010 [1] and it was
named “Hexverter”. The context and main features of this multilevel power converter
are concisely introduce in Chapter II of this dissertation. Nonetheless some control
approaches particularly designed in the so called “af0” frame for Hexverter—based
systems are available in the literature, the modeling and a control approach in a uni-
fied two—frequency dq reference frame for a Hexverter—based system is synthesized
and validated in Chapter III of this dissertation.

Multilevel topologies family is typically characterized by a number of series con-
nections of power submodules forming a cluster or branch. These power submodules
are referred either as full-bridge or half-bridge. The converter voltage rating can be
easily enlarged by increasing the number of series—connected submodules per branch.
The capacitor voltage of each submodule is floating and it could charge—discharge
under operational conditions. Hence, an important control objective is to keep each

submodule’s capacitor voltage within an acceptable range when compared to a given
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reference. An additional objective, is to be complaint with international standards,
such as the IEEE 519 [2] and IEC 61000-3-2 [3], regarding the quality of the power
being supplied to the load. These objectives can be successfully accomplished by
the proper implementation of suitable modulation strategies. In this dissertation,
the performance of modulation strategies through analysis of harmonic distortion of
voltages and currents is thoroughly assessed in Chapter IV.

Furthermore, it is a fact that photovoltaic technology is a key tool that have
enabled a significant increment of electrical power extraction from renewable energy
sources. One of the goals of the presented dissertation is to help advance the integra-
tion of photovoltaic systems into the distribution grids by tackling technical challenges
this technology is facing. Some technical solutions developed in this research could
help support the high penetration of photovoltaic systems, while improving efficiency,
reliability and power quality of distribution grids. The research presented in Chapter
V, spans from PV array modeling, bypass diodes modeling, and an application exam-
ple of the proposed model comprising a comparative evaluation of several maximum
power point tracking algorithms operating in a large grid—connected photovoltaic

power plant.

1.2 Objectives
The specific objectives of the research presented in this dissertation are listed in the
following:

e To synthesize a branch current controller for a Hexverter—based system able to

track DC control signals instead of sinusoidal functions of time.

e To model and propose an appropriate controller to determine active power losses

of a Hexverter—based system.



To investigate and validate the performance of suitable modulation strategies

for the multilevel power converter “Hexverter”.

To investigate how a large—scale PV plant of an arbitrary size can be represented

by an equivalent circuital model including both PV cells and bypass diodes.

To study the heat transfer phenomena of bypass diodes utilized in PV panels

in order to estimate its junction temperature.

To validate the proposed model integrated to a large-scale PV plant affected

by partial shading conditions.



CHAPTER 2
AC-AC MODULAR MULTILEVEL CONVERTERS

2.1 Motivation & present state of knowledge

Modular multilevel converters (MMCs) have been during the last years, and will
continue to be in the near future, a trending research topic. To better process the
electrical power, MMCs can be used where two or three level power converters are
used today. This is essentially due to multiple advantages, such as, (i) inherent
fault tolerance or some times called redundancy: a faulty module can be bypass
without affecting the converter operation, (i) application in medium and high power
levels, (7ii) high scalability: the maximum/minimum voltage can be easily modified
by increasing/reducing the number of power modules, (iv) better quality of output
power, and (v) comparatively low switching frequency. Conversely, a drawback of
these topologies is that proportional to the number of levels, complex challenges
appear in the development process of a controller system. As it is well stablished in the
literature, modular multilevel converters are a family of power electronic topologies

mainly designed for medium and high power levels.

2.2 Technical approach

The fundamental building block of every MMC topology is a single cell. Typ-
ically, it comprises an inverter stage, based on half-bridge or full-bridge topology,
which is connected to a capacitor “C”. In the Hexverter case, full bridge cells are
utilized in order to synthesize positive and negative voltage. Cells connected in series
create a branch, which in turn is able to generate a multilevel voltage. Branch current
controllability is achieved by introducing the connected branch inductor L, in series.
Branch current controller tracks the reference value of the branch current ¢; by the
control of the value of branch voltage vi. In steady state, the average value of the
capacitor voltage V¢ in every cell in the branch should be stabilized at the same refer-

ence value. In MMC topologies, DC-links of the cells are not supplied from external
4



power supplies. It means that voltages of the DC-link capacitors are controlled only

by changing the branch current and output voltages of cells in the branch [4].

2.2.1 Modular multilevel converter in back—to—back configuration

The modular multilevel topology is readily available in the market today. It
has mainly been proposed for HVDC transmission systems [5]. However, it can be
used in a back—-to—back configuration shown in Fig. 2.1, to achieve bidirectional
electrical power transfer between two different three—phase AC systems and for high—
power drive systems in medium—voltage range. An issue of using this topology is
the comparatively small output frequency of modern wind generators that may be as
low as 10-20 Hz. This small frequency directly leads to require large energy storage
requirements in the submodules. The control scheme utilized in this topology can
help to mitigate this issue. However, this will require additional circulating current
components, hence it directly affects the system’s efficiency. The modular multilevel

converter features 12 branches and it features a DC link.

T | Ve

) | | — Vdc
m@ﬂ TN %
— la é

AC system {abc} é
ia |} b |4 t1c |4

Ula Vib Vlc -

s Lo L

Figure 2.1: Back to back configuration of the modular multilevel converter (MMC).

2.2.2 Modular multilevel Matrix converter
By utilizing a similar technology, the modular multilevel matrix converter has

been introduced as an alternative [6]. It is shown in Fig. 2.2. It reduces the number
)



of branches to 9 instead of 12, it does not feature a central DC-link. However, it
needs full-bridge submodules that can synthesize both polarities of output voltage.

This in turn, doubles the number of switches in comparison to the modular multilevel

converter.
SN
M SV SV ST Y v
—|SM1|—|SM2|_...|SM4_m \\\
_|SM1|_|SM2|_...|SM4_m lh '
Full-bridge submodule
SM1|_SM3_...SM
PCC, | SM - SMs- SMy) _|pPCC
o (R == BBV B g2 —“E@%
— Ta
AC system {abc} !SMll—ISle‘"’|SM”l_’“ AC system {123}
!SMll_ISMgl_...|SMnl_rm Ti3
SMy[_SMl_...SM,|

L SM|_SM...5M|_w

Figure 2.2: Modular multilevel matrix converter (M3C).

2.2.3 Modular multilevel Hexverter

The Hexverter topology is depicted in Fig. 2.3. Typically, the Hexverter is the
interphase to connect two different AC three—phase systems operating at two different
frequencies, e.g. the supply three—phase grid and an electrical three-phase machine.
The Hexverter equivalent circuit is depicted in Fig. 2.4. On the contrary to a back—
to-back configuration of AC-DC-AC modular multilevel power converter, shown in
Fig. 2.1, the Hexverter has no central DC-link. It further reduces to 6 branches

instead of 9 of the modular multilevel matrix converter that is depicted in Fig. 2.2.
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Figure 2.3: AC-AC Hexverter topology.

2.2.3.1 Hexverter principle of operation

Since, this topology require the SMs to synthesize positive and negative voltage.
Each of the Hexverter’ branches consist of n identical series—connected H-bridge
submodules (SM), a branch inductor L, and resistor R},. Each single phase of system
{abc} is connected to two phases of system {123} by two branches. Two phases of
system {abc} are connected by two branches to a single phase of system {123}. As
depicted in Fig. 2.4(a), it is clear that the topology arrangement forms a loop, which
in turn allows a circular current 4., to flow.

This current is defined as the circulating current flowing through all branches m,

and it is determine by (2.1),

6
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(b) Branch representation fapc, f123 (c) Branch average representation

Figure 2.4: AC-AC Hexverter equivalent circuit.

As depicted, in Fig. 2.4, AC phase voltages of Hexverter are not referenced to

ground, phase voltages of system {abc} are referenced to phase voltages of system



{123} and viceversa. In addition, a voltage difference v,, between both star-point
potentials is set. In one hand, considering positive sequence for supply and load of
balanced AC three-phase systems respectively, single phase voltages {a} and {1} are
fully described by (2.2)—(2.4),

Va = VabeCOS(Wabet), (2.2)
U123 = PUabe, (2-3)

v = @123005(w123t -+ 9U1237abc>' (24)

Voltages of system {123} have a phase difference of 6 at t = 0 to system

V123—abc

{abc} and p times its voltage magnitude. In the other hand, sinusoidal currents of

phases {a} and {1} are characterized by (2.5) and (2.6),

g = Eabccos(wabct —0;.,.) (2.5)

1 = %123COS(W123t - 9i123 + 8U123—abc)‘ (26)

Taking into account equations (2.1)—(2.6), voltages and currents of branch (m €

{1,2,...,6}) are characterized by (2.7) and (2.8),

Ubsm = UahcCOS (wabct _mrl 22(_1)m7r) (2.7)
+ U123C08 (nggt F O0us e — m= 2§_I)m7r>
- UOg(_l)ma
Tbm = %\a/bgcos <wabct —0;,. — 2m + 26_ (_1)m7r) (2.8)
+ %cos (nggt — Oiros T Ovins e — wﬂ)

+ Leir-



CHAPTER 3
MODELING & CONTROL APPROACH IN THE DQ REFERENCE

FRAME FOR HEXVERTER-BASED SYSTEMS
3.1 Motivation & present state of knowledge

Modular multilevel converters are a family of power electronic topologies mainly
designed for medium and high power levels. Due to their three—phase connection type,
these can be classified as either star or delta connection—based [7]. From this family
of electronic converters there is a particular topology well suited to intermediate
two different three—phase ac systems. It was first proposed back in 2010 [1] and it
was named “Hexverter”. Control techniques designed for Hexverter—based systems
are available in the literature. Considering the so called stationary a0 frame, two
control schemes were developed in [8] and [9]. The studies presented in [10], [11],
[12] and [13], improved the former studies by accomplishing power balance between
Hexverter adjacent branches. Alternatively, a control approach developed in the dqg
reference frame was proposed in [14]. The authors modeled the Hexverter as a double
delta full bridge topology. Although this investigation reported acceptable results,
semiconductors losses and voltages of branch inductors and resistors were neglected.
Additionally, no derivation of power conservation was provided and no experimental
validations were presented. Moreover, the Hexverter's dg model was considered as
a multiple input multiple output system including inherently complicated coupling
effects and time—varying characteristics. Consequently, this generated difficulties into
the design of a traditional PI-based control structure. A second control approach
considering the dq reference frame was proposed in [15]. The model was developed
using the Clark power invariant o0 transformation. The authors introduced what
they called “double dg transformation” to accomplish decoupling of branch voltages
into their respective dq coordinates. Despite the fact this study provided acceptable
results, no detailed derivations to represent a0 branch currents components were

included and no experimental validations were incorporated.
10



In this chapter, it is proposed a control approach based in [16], along with ideas
extracted from state—of-the—art techniques regarding multilevel topologies. The pur-
pose of this chapter is to synthesize a branch current controller in the dq reference
frame for a Hexverter—based system. It will be assessed by integrating it to a suitable
modulation technique, voltage balancing algorithm and a Hexverter—based converter.
This chapter is organized as follows. Branch voltages and currents are analyzed in
depth in section 3.2.1. Branch current controller is synthesized in section 3.2.4. The
Hexverter—based system integration is introduced in Section 3.2.8. Simulation results
are laid out in section 3.3. Lastly, conclusions are summarized in Section 3.4.

3.2 Technical approach

3.2.1 Branch voltages and currents analysis

By properly adjusting the six branch voltages, i, can be controlled either, (7) into
dynamic operation: to achieve a specific energy adjustment and distribution between
all branches, or (77) in steady state operation: by eliminating or suppressing it to its
minimum [14]. According to [9], branch power transfer between adjacent branches
P.qj, depends on the difference between reactive power of both three-phase systems.

It can be controlled using (i) or (i) as follows,
e (1) using the “adjacent power” compensation approach defined by (3.1),

Padj = Icir‘/ogv (31)

3
18

&l

(Qabc - Q123) or,

Padj =

e (i1) setting both reactive powers to the same value.

In this work, it is assumed that the Hexverter system is performing in steady state

and both reference reactive power values are set to zero.

11



3.2.2 Branch voltages

From equations (2.2)—(2.4), branch voltages for branch m (m € 1,2, ...,6) can be

calculated as follows, [9],

142(—1)™
Vbm = UabeCOS <wabct _mt —; (=1) 7r) (3.2)
. m — 2(—1)"
+ V193C0S (wlzgt + 91}123—&130 — 3 7T>

— Uog(—1)™.

Based on equation (3.1), v, = 0. Taking into account, unity power factor at PCCyp.

and PCCyy3, and 0,,,, ,,. = —%, branch voltage vy can be calculated as,
R R 2
Vbl = UabeCOS <wabct> + 0193C08 ((JJlggt + §7r> (3.3)

Equation (3.3), indicates that vy,; is composed by two phasors rotating at w,p. and

wi93. Similar to vy, all branch voltages can be represented as,

2
Vp1 = VabeCOS | Wabet + O) + U123C08 (wlggt + gﬂ'), (3.4)

~ . T
Vb2 = VabcCOS | Wapet + ) + V193€0S8 (wlggt — §>,

Up3 = DahcCOS (Wabct — —> + U193€08 <w123t + 0);

Uba = UaheCOS | Wapet — —) + 0193C08 <w123t — 7r>,

21
Vs = UaheCOS | Wapel + ) + D193C08 <W123t — ?>,

R R T
Ubg = VabcCOS (Wabct - 7T> + 0123€08 <w12375 + §>,

abc 123
Ub — me + me .

Branch voltages [v2hS.], [vahS], [vi235], and [vi23s] can be grouped, due to the fact that

71'

they are <¢ radians apart from each other, see Fig. 3.1. As depicted in Fig. 2.4(b),

two series—connected controlled voltage sources are an equivalent representation of

a branch voltage. Considering a modulation index M = 1, and n number of series—

abc 123

abe stand

12

connected SMs, vhg, can be defined by (3.5), where variables m?>¢ and m,



123 ,,abc
123 Up3” Upy

Figure 3.1: Phasor diagram of branch voltages.

for modulation indices calculated at each frequency,

Ubsm = nVC(m%Es + m%ﬁg) (35)

3.2.3 Branch currents
From equations (2.5) and (2.6), mathematical derivations for branch currents

yields, [9],

habe om+2— (—1)™

Tom = Z\/%cos (wabct —0;,. — m 5 (1) 7T>, (3.6)
i om + (—=1)™

+ ECOS (w123t - 91’123 + 91}1237abc - %W>’

V3

+ icir .

Referencing equation (3.1), i = 0. Taking into account, unity power factor at

PCCy,pe and PCCia3, and 0,,,, ... = -3 branch current i,,; can be calculated as,

~

abe 5 i 3
b = tabe g (wabct — %) + %COS <w123t — %) (3.7)

V3

Equation (3.7), reveals iy,; is composed by two phasors rotating at wap. and wias

Analogous to 7,1, all branch current equations become,

13



. Labe br 1 37
b1 = \/bgcos (wabct — ?) + 1—2;008 (nggt — F>’ (3.8)
. Ea c o i o7
Ihy = \/bgcos (wabct F) + 1—2;:(305 (wlggt + F),
éa . 9 A 5
Ty = Z\/bgcos (wabct — %) + “—2§COS <w123t + %),
labe 9 i
Ty = Z\/bgcos (wabct — %) + Z1—2;:’(305 (wlggt + %),
Ty = %abc cos( i
bb \/g 3

he = a ct - =
b6 \/gCOS<(,<} b 6

-abc 123

Tom = Yoy, T Uomy -

Taking into account the phasor diagram depicted in Fig. 3.2. Branch currents
[iebe ], [iabse], [i8235], and [ii23,] can be grouped. As illustrated in Fig. 2.4(c), two
parallel-connected controlled current sources are an equivalent average branch cur-

rents representation. Similar to the branch voltage equation, any of the six branch

currents iy, can be determined by (3.9),

. _ -abc, _abc -abc 123
tbm = tpm Mpm + Yom Mo - (39)

1123
Uy

-abc -ab -abc -ab

Ub1 5] \b2 ihe’

ilQZ’y 2-12?!'
bl b6

Figure 3.2: Phasor diagram of branch currents.
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3.2.4 Synthesized branch current controller in the dgq reference frame
3.2.5 Hexverter {abc} side, differential equations

From the circuit characterized in Fig. 2.4, assuming superposition principle can
be applied, let us consider only frequency components of the three—phase system
{abc}. By doing so, the following set of differential equations are obtained.

State—space equations of system {abc}

d
-abc -abc abc
Lbalbl = v, — Rpip,© — nVemiy©, (3.10)
d
-abc -abc abc
LbEZbZ = —v, — Rypipg” — nVemy,',
L d -abc __ R -abc V abc
b%%z& = Up — fplp3 — NVCMyg
L d -abc __ R -abc V. abc
balm = —Uc — Liplyy — NVCMypy
-abc -abc abc
Lbazb5 = Ve — Rptie” — nVomys©,
-abc -abc abc
Lbazbﬁ = Uy — Rpipg. — nVemie’.

dq

o, 1s defined as,

Recalling, the cosine-based Park transformation matrix T

2 2
ag _ 2 | c08(wWiyz) cos(wrys — ) cos(wiys + ) ‘ (3.11)

Xyz 3 ) . . . .
_Sln(wxyz) _Sm(wxyz o T) _Sln(wxyz + T)

3.2.5.1 From {abc} to dg transformation

By the use of TZ%C transformation matrix, ii?ggdq can be calculated by (3.12),

d
abc -abc abc
Lbalbl% = —Ryipi35 — nVomyyss + Vabe, (3.12)
L qu i -abc R qu ;abe v qu abc + qu
bLabe dtzb135 = bLabetbizs — VO LanMbiss abc Vabe)

.abc,d Ry, .abc,d abc,d d

d |5 | | T, Wabc | | b1ss nVo | Myiss L | Vahe

dt .abc,q N Ry, -abc,q Lb abc,q Lb q
tp135 “Wabe T | | b13s5 M35 Vabe

15



Correspondingly, #2559 can be calculated by (3.13),

d
.abc -abc abc
Lb%%zm = —Ryipgse — nVomisis — Ubcas (3.13)
T qu i -abc iy ») qu ;abec AV qu abc qu
b Labe gy Ih246 = bLabctb246 — VO LapeMb246 abc Ubcas

.abc,d Ry .abc,d abc,d d

d |26 | | I, Wabc| |’b2a6 nVo | Mhoae 1 | Ybca

dt .abc,q N Ry, .abc,q Lb abc,q Lb q
th246 —Wabe T, 'b246 Mpo46 Ubea

3.2.6 Hexverter {123} side, differential equations
Considering only frequency components of three—phase system {123} yields a set

of differential equations listed as follows, State—space equations of system {123}

Lb%z’g} = —v; — Rypity® — nVomit, (3.14)
L St = vy — Ryify’ — nVomi3,

Ly il = vy — Ryily? — Vo3,

Lb%ilﬁg = vy — Ryiy® — nVemyy,

Lb%iﬁf’ = —v3 — Ryipy’ — nVomyg,

L .

dt

3.2.6.1 From {123} to dgq transformation

By the use of T%, transformation matrix, i} 1oa¢ can be calculated by (3.15),

d
123 123 123
Lbalbl% = —Rpipyzs — nVomy s — V123, (3.15)
L qu i -123 _R qu 123 V qu 123 qu
b 123dtzb135 = bLi23th135 — Ve L123Mb135 123V123;

123,d Ry, 123,d 123,d d

d |5 | | T, @23 | |35 nVo | Mpiss 1 | Vi3

dt | 23| Ry, 1123, Ly 123,q Ly | «q
'b135 w123 =7 | | "biss Mp135 U123

16



Moreover, it20 can be determined by (3.16),

d 123

_ 123 123
Lbd Iha1e = — Bbipzag — nVempsas + vizs, (3.16)
I VR T T VeTmisls + T94
bLi23 dt@b246 = b 123%246 nvVeLi23Mp246 1230123,
;123.d Ry, ;123.d 123,d d
d %o | | TI, “123| | boae nVo | M6 1 | Vigs
dt | 23| Ry, 123, Ly 123,q Ly | q
th246 —Wwi23 T, tho46 Mp246 U123
3.2.7 Control approach
From (3.12), the following differential equations can be obtained,
d Z-abc,d Rb abc d +w abc,q nVC abc,d + = 1 d (3 17)
il - el - )
dt 135 L lp135 T Wabclp13s L. b135 L. Vabes
d Zabcq —wa Zabcd . Rb Zabcq nVC abc,q + = 1 (3 18)
¢ 135 abelpizs — T tb133 Lb My135 L. Vs
considering a change of variable as,
abc,d 1 abc,d abc,q d
b135 — (_“135 + LyWabelhizs + Vabe ) - (3.19)
nVc
abc,g 1 abc,q abc,d
b135 =y ( Unzs? — LpWabclpyss + Vipe ) 5 (3.20)

two decoupled equations that can be independently controlled, standing for dgq

components of branch currents [135] at frequency {abc}, are indicated in (3.21),

d abcd Rb abcd 1
dt b135 - L b135 + - L
d .abc,q Rb abc,q 1
E b135 — L lhigs T 7 Ly,

abc,d

Uyzs (3.21)

abc,q
Uizs -

Hence, from equations (3.13), (3.15) and (3.16), following a similar procedure, equa-

17



tions (3.22) to (3.24) can be derived,

d abcd Rb abcd 1 abc,d
dt b246 - L b246 + - L Uoge > (322>

d abcq Rb abc,q 1 abc,q‘
dt Yhoge = L U246 + L Uoge s

d ;123 Rb ;123.d 1 1230 (3.23)

dt th13s = L 135 + L Uyss s

d :123,9 Rb 123,q + = 1 123,q_
135 = b135 Uqzs s
dt L Ly,

d 123d Rb 123d 1 123,d
dt thoas = L 1246 + L Uag6 s (324)

d 1034 Iy ;1234 1 1230
EZbMG = _L lhoss + 7 In Ugye -

These equations are an equivalent representation of the former set of differential
equations, which in turn can be easily transformed into the Laplace domain. Following
the procedure from [16], by the use of PI regulators, a suitable control scheme in the

dq reference frame for a Hexverter—based system can be implemented.

3.2.8 Hexverter—based system integration

The framework of the Hexverter—based system integration is depicted in Fig. 3.3.
Branch current controllers, modulator, voltage balancing algorithm and Hexverter
multilevel converter can be readily identified. x = [zf)?ggq,zigzgq,@gggi q,zéﬁg 1 is a
column vector representing the state variables. For instance, zbtl)3 indicates dq cur-

rent components of branches [135] at a unique frequency {abc}. The same applies for

the remaining state variables. Each branch current controller outputs a three—phase

modulating signal labeled as m&2S,, mibs. mi%. and mi23,. These signals are then
split and recombined as follows, my; = m2P + mi23 myy = mBS + mi23, ... mye =

m2+mi23. Subsequently, these signals are multiplied by the reference branch voltage

nV{, obtaining reference branch voltages v{,,,, which are then fed into the modula-
tor. In this work, nearest level control modulation technique and voltage balancing

algorithm are implemented according to [17].

18



dq dq

x* Vabc l V123 l . ibml VCiml
Mbm — Ubsm T, Swim | Hexverter
current controllers {X] Modulator VBA
= :lr‘ system
X eabc T 9123 T TLV*
Wabc w123 C
Figure 3.3: Hexverter—based system integration.
o
.d |
P*b' Zabc 3 |
abc > 2 ——
| 3 X V3 ZaLbc |
b135 |
d | Tabc
Vabc (.)—1 dq I Z.abc,d*
| Wabc ' *b135
* | Z‘qb
abc
abg | 2 RN Wabc dg |!
| 3 i V3 0 gabce Tabe| ! abe,qx
a abe — Uiy 155 I 135
7'}abc —1
() .
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |
|
|
abc,d !
135 :
|
! abc
I M35
Tabc
dg ||
Wabc |
—
|
abc,q |
Z-abc,q Mq35 |
b135 |
branch current control vgbc

Figure 3.4: Blocks diagram for 225, current control.

3.2.9 Branch current controllers

A block diagram of branch current controller corresponding to the state variable
[ii?ggdq], is described by Fig. 3.4. It consists of two main subsystems labeled as
“power-to—current” and “branch current control”. Reference branch currents are
compared with its measurements in the dq reference frame. Then, its corresponding
errors are driven to zero through decoupled PI compensators. Similar schematics can
be drawn for branch current controllers of state variables iigzgiq, i,lﬁg’g’dq and @'gi’éiq. In

total, eight single input single output (SISO) branch current controllers, indicated by

equations (3.21)—(3.24) are designed.
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3.2.10 Modulator and voltage balancing algorithm
The Hexverter’s efficiency () analysis was performed in [9]. Depending on opera-
tional conditions, 7 might vary between a range of 93—97%. In this work, n = 93.33%

can be approximated by (3.25):

6
S
8123 = Sabc — Z |ibm|2Rb7 n = Slig x 100. (325)

m=1

3.3 Simulation results

To validate the performance of the synthesized current control a detailed com-
puter simulation in PSCAD/EMTDC of a Hexverter—based system was implemented.
Active power P, as well as reactive power Q.. and Q23 were considered known.
Conversely, active power P93 was calculated using equation (3.25). Using simulation

. abe,d ab
parameters listed on table 3.1, 47152 and iy 55 can be calculated as,

2 Pabe
jabedr b cos(%) =5.0 A,

Z f—
b135 d

3 Uabc\/g
.abc,gx 2 Pabc

m
1 = sin(—) = 2.88 A,
b135 3Ugbc\/§ (6)

. . .123d 123, .
in the same fashion 4,755 and i, 755 are determined as,

7;1237d* . 2 Pios
b135 — o
3 Uflz?,\/g

2 P T
123,q% _ 123 . B
ipyas = gvil%\/gsm(—g) = —4.49 A.

COS(—%) =T.78 A,
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Table 3.1: Simulation parameters

Hexverter Branch resistance Ry 1.2 Q
Branch inductance Ly 30 mH

SMs per branch n 12

SM capacitance C 20 mF

Nominal SM voltage Ve 133.33 V

System {abc} Active power Pabe 15 kVA
Reactive power Qabe 0 kVar

Peak voltage Uabe 1kV

Frequency /phase fabe/Oabe 50 Hz/0 rad

Resistance/Inductance  Rape/Lape 1.0 /10 mH

System {123} Active power P12s 15 kVAxn
Reactive power Qi23 0 kVar
Peak voltage U123 600 V
Frequency /phase f123/0123 10 Hz/0 rad

Resistance/Inductance Rja3/Lia3 0.8 /15 mH

3.3.1 Performance assessment of the proposed control scheme

The overall performance of the proposed control scheme, when integrated to a
suitable modulation strategy, voltage balancing algorithm and the Hexverter—based
system, is illustrated by representative waveforms. As depicted in Fig. 3.5, power
transfer is achieved according to the given references. Similarly, reference values of
branch currents #2054 and i. 52, can be readily compared in Fig. 3.6. Modulation

indices of group [135] are depicted in Fig. 3.7. Proper frequency and magnitude

can be observed. Moreover, measurements of synthesized three—phase voltages and
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Figure 3.5: Three-phase powers P/Q?, . and P/Qj,; vs filtered measurements.
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Figure 3.6: Branch currents 4,;,; " and 4,755 vs filtered measurements.

currents are illustrated in Fig. 3.8. Although, these waveforms feature a small rip-
ple, its magnitude, phase and frequencies are correct. In addition, measurements

of synthesized branch voltage v,; and branch current i,,; are shown in Fig. 3.9. As
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50 ms/div
Figure 3.7: Modulation indices calculated for branches [135].

expected, both waveforms contain frequency components ( fabc, fi23) of the two ac sys-
tems. Lastly, performance of a voltage balancing algorithm is included in Fig. 3.10,
where n number of controlled capacitor voltage waveforms are shown. In comparison
to the given SM capacitor voltage Vi, a voltage difference of approximately + 1 V

represents 1.5% error.

3.4 Conclusions

In this chapter, a control scheme in the dq reference frame for a Hexverter—
based system was synthesized. Its performance was validated when integrated to
a suitable modulation strategy and a voltage balancing algorithm via a detailed

PSCAD/EMTDC computer simulation. Representative waveforms featuring proper
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Figure 3.9: Synthesized branch voltage v,; and branch current iy;.
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Figure 3.10: NLC VBA performance.



CHAPTER 4
DETAILED ASSESSMENT OF MODULATION STRATEGIES FOR
HEXVERTER-BASED MODULAR MULTILEVEL CONVERTERS

4.1 Motivation & present state of knowledge

Among the multilevel topologies available in the literature, there is one multilevel
topology suitable to connect two different three phase AC systems. In particular
when these AC systems run at two different frequencies. It is called Hexverter and
it was firstly introduced in 2010 [1]. Since then, a number of control approaches,
including its current control in the so call «, 3,0 frame was reported in [18], [9], [14],
[10]. Moreover, an improved Hexverter topology with magnetically coupled branch
inductors was investigated in [19]. Furthermore, a full branch energy adjustment
concept was investigated in [11]. This proposal was assessed in detail controlling an
electrical machine running at low frequencies [20]. In addition, a different strategy to
control branch energy balance between branches was reported in [21]. A Hexverter—
based power flow controller was studied in [22]. Regarding the matrix converter, it is
categorized as a direct AC-AC modular multilevel converter featuring nine multilevel
branches. It is more suitable for low—speed high—power applications. However, this
converter has an inherent issue when this device performs close to the grid frequency
[12]. Since the Hexverter requires only six multilevel branches when functioning, a
matrix converter was put to work as a Hexverter considering defective conditions in
[23]. In order to manage the task of transferring power from source to load, all kind of
power multilevel converters share a common need, that is, n number of submodules
(SMs) to be connected at any given time must be accurately calculated. At the
same time, the power quality injected to a load must be compliant with international
standards including, but not limited to, the IEEE 519 [2] and IEC61000-3-2 [3].
Despite the fact that some modulation techniques such as: nearest level control (NLC)

and phase disposition—sinusoidal pulse width modulation (PD-SPWM) have been
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implemented and investigated for some multilevel topologies there is still room to
investigate and present a detailed assessment of modulation strategies when these
are implemented for the direct AC-AC modular multilevel topology called in short
“Hexverter”. Expanding the research results presented in [17], and based on the

discussion above, the main contributions of this chapter are:
e Hexverter modeling and control in a unified two—frequency dq framework

e Proposal and evaluation of a “virtual VZ controller” to dynamically account for

Hexverter’s active power losses allowing to achieve active power balance on the

fly

e Detailed assessment of modulation strategies through total harmonic distortion

of synthesized voltages and currents

This chapter is organized as follows. The modeling and control approach in a unified
two—frequency dq framework is described in depth in Section 4.2.1. Modulation strate-
gies NLC and PD-SPWM are thoroughly described in Section 4.2.2. The proposed
“virtual V& controller” is presented and derived in Section 4.2.3. Integration of the
Hexverter—based system is shown in section 4.2.4. Simulation results of synthesized
voltages, currents and performance of the voltage balancing algorithms are discussed

4

in Section 4.3. Similarly, active power losses obtained by the “virtual V2 controller”
are discussed in section 4.3.4. In addition, a detailed assessment of spectrum and har-
monic content of synthesized voltages and currents is thoroughly presented in Section

4.3.7. Finally, conclusions are summarized in Section 4.4.

4.2 Technical approach
4.2.1 Modeling and control approach in a unified two—frequency dqg

framework
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From (3.12), the next differential equations are obtained,

d R nV 1

.abc,d b .abc,d .abc,q C abc,d d

— i35 = ——lp135 T Wabclpigs — —— M35 + —V 4.1
dt b135 Lb b135 abc®h135 Lb b135 Lb abc? ( )
d abc,g abc,d Rb -abc,g nVC abc,q 1 q (4 2)
g p1ss — Wabelbizs L. 'b135 L M35 + vaabc’ :

making use of a change of variable as,

abc,d 1 abc,d .abc,q d

My135 = nVc_ (_U135 + LoWabclpizs + Vabe ) » (4.3)
abc,g 1 abc,q -abc,d q

My135 = Ve (—u135 — LyWanclyzs + Vape ) - (4.4)

two independent and decoupled equations are obtained, which stand for dq com-

ponents of branch currents {135} at frequency {abc}, those are described by (4.5),

iiabc,d o _&iabc,d + iuabc,d (4 5)
dt b135 Lb b135 Lb 135 > :
iiabc,q - _&iabc,q + _uabc,q

dt b135 Lb b135 Lb 135

Similar mathematical manipulations can be done with equations (3.13), (3.15)
and (3.16), in order to obtain decoupled equations to control branch currents
{itas Y- ibgas 1o {iniss Y- ina b {iuass ¥ and {igy }. This set of equations is an equiv-
alent and decoupled representation of the former set of differential equations that can
be managed and transformed into the Laplace domain. Afterwards, by applying tech-
niques from [16], a suitable control scheme in a unified two—frequency dq framework

for a Hexverter—based system is elaborated.

4.2.1.1 Branch current controllers

: abe,dg -abedg 123,dq -123.d .
Variable x = [ip 55 1, Trogs s Tp1as s thoas 1) corresponds to a column vector that in-

cludes the state variables. From it, iﬁ?ggjq indicates dq components of currents flowing
through branches {135} at frequency {abc}. Same notation applies for the rest of state

variables. Each branch current controller outputs a three-phase modulating signal
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Figure 4.1: Block diagrams of current control to determine m;}3-.

abc abc 123 123 : - :
labeled as mpyss, Mpsgs, Mi1ss and my 5. These signals are then de-multiplexed and

recombined as follows, my,; = m° +m23 myy = miS° +mi23, .. mye = mi® +mi%.
Afterwards, these signals are augmented by the reference branch voltage nV{:, gen-
erating reference branch voltages vf,,., which suitable inputs for the modulator. A
general schematic of a single branch current controller is depicted in Fig. 4.1. From
it, {xyz} stands for frequency {abc} or {123}, respectively. Figure 4.1 shows two
main subsystems marked as “power—to—current” and “branch current control”. As
depicted branch current’ error is driven to zero through a decoupled PI compensator.
For instance, if {xyz} is replaced by {abc} then the schematic agrees with the state
variable [i2°5%], and as a consequence, the modulation index m2ts, is the output of
the subsystem “branch current control”. Analogous diagrams of branch current con-

: : abe,dg ;123,d 123,d
trollers corresponding to state variables ipos , 4,155 © and 4,545 © can be elaborated [24].
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4.2.2 Modulation strategies

This section is devoted to describe in depth two modulation techniques that will

further be assessed when implemented into the Hexverter—based system.

4.2.2.1 Nearest level control modulation

Some of the features that makes NLC an attractive option to modulate a modular
multilevel converter are: (i) comparatively low switching frequency, (i) simple to
implement, and (74i) remarkably suitable for a power converter that require a large
number of levels [25],[26],[27]. Notice the objective of NLC is to determine “how
many” SMs per branch n,, are going to be connected/bypassed at any given time.
A detailed diagram depicting the implementation of NLC is shown in Fig 4.2. First,
branch reference voltage vy, ., containing two frequency components ( fabc, fi23), is the
input. Right after, it is divided by a SM reference voltage V% and rounded. Then,
variable n, indicating the number of SMs to be inserted /bypass for each branch m
is obtained. In the end, in regard to positive or negative values of n,,, variables

Nupm and Ngownm are calculated. Recalling, each full-bridge submodule contains a

Veim,© € [1, 2, ..., n]
n i switching
upm signals for

vltsm Nom e branch m
round(-) < NLC VBA —

Ndownm T

ibm

Figure 4.2: General flowchart of NLC modulation technique.

capacitor that is set to a reference voltage denoted as V. Since each submodule
will switch to synthesize AC voltage on its terminals, voltage variations of Vi will
occur. Therefore, with the objective to minimize V fluctuations of each submodule,
a voltage balancing algorithm (VBA) utilized by NLC is shown in Fig. 4.3. The
sorting process is performed by the use of the merge—sort algorithm, which is an

efficient, general-purpose, and comparison—based sorting algorithm. It was proposed
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in 1945 by John von Neumann[28]. As illustrated, the inputs are: (i) number of
SMS Nupm, (i) measurements of capacitors’ voltage comprising each branch Vi,
and (74i) measurement of currents flowing through each branch 4y,,. Thus, “which”
of the submodules required to be inserted/bypass for each Hexverter branch, when

synthesizing positive semi—cycles, can be determined.

Nupm - - switching
; —» If iy, > 0 select nypm SMs with | signals for
Pm __pl the lowest values of Voim branch m
VCim S t . . !
orting If 4y, < 0 select nypm SMs with
i process the highest values of Vi,

Figure 4.3: NLC VBA flowchart.

When variable ny,, is substituted by ndownm in Fig. 4.3. “Which” of the SMs
required to be connected/bypass for each Hexverter branch are known. Performance

evaluation of NLC VBA is discussed in Section 4.3.1.

4.2.2.2 Phase disposition—sinusoidal pulse width modulation

PD-SPWM is an extended version of the standard pulse width modulation strat-
egy. In this case, n number of triangular waveforms [vy=carriers] shown in Fig.
4.4, are employed. Each carrier has an amplitude of |u] = —1 + 21 where
ke {1,2,...,n}. At it can be seen, each carrier features a symmetrical offset with
respect to the horizontal zero—axis. These carriers, when compared to a provided
sinusoidal reference vy, are employed to specifically compute the number of series
connected H-bridge SMs to be connected/bypassed at any given time. Variable nypy,
stores values when +uvy,, is used, whereas variable ngownm, stores values when —vy,
is utilized. A flowchart describing the process to determine 7.y, is shown in Fig. 4.5.
The next step is to determine “which” of the SMs will be connected at any given time,
to this end, a PD-SPWM VBA is implemented. It is depicted in Fig. 4.6. The sorting
process is performed by the use of the merge—sort algorithm. As shown, the inputs

are: (i) number of SMS nypm, (i) measurements of capacitors’ voltage of each branch
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Figure 4.4: 12" PD-SPWM carriers and synthesized voltage.
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Vaim, (#41) measurements of currents flowing through each branch i, and (iv) trigger
signals of each branch PD — SPWM,,,,,. The internal process of the PD-SPWM VBA
is illustrated in Fig. 4.6, where the output is a set of switching signals for each SM
comprising any of the Hexverter’ branches.If variable +uv}_  is replaced by —vy,,, in
Fig. 4.5, variable ngownm and trigger signals PD — SPWMgownm are calculated. Addi-
tionally, by plugin those in Fig. 4.6, instead of nyp,, and PD — SPWM,,,,,, switching
signals for each submodule forming a Hexverter branch m are obtained. Performance
assessment of PD-SPWM VBA is presented in Section 4.3.2.

Veim,1 € [1,2,...,n]

i switching

signals for
branch m

PD—-SPWM VBA——

Thupm = Mupm +1

vk:71+@
kell,2,..,n]

Nupm

’—P

PD — SPWM,

7;bm

Figure 4.5: General flowchart of PD-SPWM modulation technique.

Each carrier feature a switching frequency of f,=5 kHz. However, in average
each SM will switch at %:334 Hz per hyper—period. Be aware, a hyper—period is
defined as Ty=1/ged( fabe, f123)-
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PD — SPWMypy _ 8
Figure 4.6: PD-SPWM VBA flowchart.

4.2.3 Proposed “virtual VZ controller”

In order for the Hexverter—based system to perform properly, active and reactive
power references (P ., Q% ., Py and Q7y3) must be provided. However, as depicted
in Fig. 4.9, active power reference Pj,; is dependent of the Hexverter’ active power
losses (AP). In general, AP is composed of: (i) energy variations of the elements
storing energy (Pc and P, respectively), (i) active power losses due to switching
(Psy) and conduction (P.yq) of semiconductors, and (iiz) active power losses due to
parasitic effects of the Hexverter’ elements which are typically modeled as resistors
dissipating power (Pg). In this research, an approach to determine active power losses
“AP” is studied and proposed. The main objectives are: (i) to achieve active power
balance on the fly of the Hexverter—based system and (i) to keep the submodules’
capacitor voltage as close as possible to the given reference, so that, almost all the
incoming power can be transferred into the load. As shown earlier in this document,
the Hexverter topology does not feature a real DC link between the connection of two
AC three—phase systems, however a “virtual DC link” can be modeled by calculating
an average DC voltage per submodule of each Hexverter’ branch. The DC voltage
provided as the reference V%, which in turn is the initial voltage over each full-bridge
submodule before starting the operation of the Hexverter system, can be calculated

as follows,

Uabe + V123
- )

V= (4.6)

Considering only elements storing energy inside the Hexverter system and ideal be-

havior of the power converter (Ps, = 0 ) and (Peona = 0), a general figure of the
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Hexverter system is shown in Fig. 4.7. By the use of Poynting’s theorem, equation

(4.7) is derived,

m

d1
ac L PSW:O Pcon :0 P P .
b ;;dtz Cim ;dt? bzbm+( )_I_( d )_I_ R+ 123
AP

(4.7)

=G 3L

= O3 Hexverter 3 Lo
system

N :
T Cn gj;Lbﬁ

Figure 4.7: Elements storing energy in the Hexverter system.

Since the energy stored over the branch inductors is relatively low in compari-
son to the energy stored in the capacitors of each submodule, and the active power
dissipated by the Pr term will add a DC-offset, active power losses “AP”, can be
estimated by considering the rate of change of the energy stored in the capacitors
only. In other words, equation (4.7) becomes,

Pabe = ZZ dt2CVC +Pias. (4.8)

m=1 i=1

AP
Specifically, an approximation to determine “AP” is described by,
1 A d
P= 50;;%%% (4.9)
In this work, this fact is used in order to compute the Hexverter active power losses
“AP”. Furthermore, this will allow to achieve active power balance of the Hexverter—

based system on the fly. A general scheme of the so called “virtual V& controller” is
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Figure 4.8: Virtual VZ controller block diagram.

shown in Fig. 4.8. To validate the performance of the proposed “virtual Vi controller”
under different scenarios, Test Case I and Test Case II are developed. In Test Case
I, the Hexverter—based system is considered to function keeping ideal behavior, in
the sense that P,, and P...q are both equal to zero. By contrast, in Test Case II, a
more realistic scenario of the Hexverter-based system is assessed when P and Pl ,
of the IGBT’s and PP , of diodes are taken into account. As described earlier, the
calculation of AP is a necessary condition to compute active power (Fj,;) reference
value for the {123} side. Once Pj5; and Q7,5 are entered to the subsystem “power—to—

. - 123,d
current” depicted in Fig. 4.1(a), correct reference values for branch currents 755

-123,dg* .
and 75,5 are obtained.

4.2.4 Hexverter—based system integration

A general schematic of the Hexverter—based system is portrayed in Fig. 4.9. It
shows the integration of subsystems “virtual V& controller” Fig. 4.8, branch current
controllers in a unified dgq framework Fig. 4.1 (a) and (b), modulator Fig. 4.2,
voltage balancing algorithm Fig. 4.3 and the Hexverter system shown above on Fig.
2.4. Initially, active and reactive power references of the {abc} side (P . and Q% .)
are necessary operational inputs to the subsystem “power-to—current” depicted in
Fig. 4.1(a), that in turn, output reference values of branch currents zg’;gg’ 7 and iﬁgi’g .
respectively. Then, AP obtained from the “virtual VZ controller” is subtracted to Pz,
to determine active power reference P,;. Based on operational conditions reactive

power reference (Q7,3) is set. These power references are feed into the “power—

to—current” depicted in Fig. 4.1(a), outputting reference values of branch currents
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123, dgx 123, dg . . . )
Ih1ss and 45,5, respectively. Once x* is complete, it is compared against proper

measurements and its error is fed into the branch current controller shown in Fig. 4.1
(b). Modulation indexes my,,, whose are output of the branch current controllers,
become inputs for a modulator either NLC or PD-SPWM), see Figures 4.2 or 4.5.
According to the selected modulation strategy the modulator outputs the number of
submodules to be connected (n,,) at any given time. This is the input for the VBA
that in turn generates switching signals for each power submodule comprising each

Hexverter branch.

4.3 Detailed validation

Detailed simulations are implemented into the software platform PSCAD/EMTDC
[29]. The objective is to verify the operation and performance of the Hexverter power
converter under the application of modulations techniques NLC and PD-SPWM. The
reader is referred to Table 4.1, where simulation parameters are listed. Meanwhile,

an experimental prototype is being built in the author’s laboratory.

4.3.1 Assessment results of NLC

Recalling that both three—phase systems are labeled as {abc} or {123}. Fig.
4.10, shows top two sub—figures depicting waveforms corresponding to AC voltages
Vabe and v123. Comparing the provided simulation parameters, both AC voltages show
good match in magnitude, frequency and phase. In addition, at the bottom of Fig.
4.10, two more waveforms are presented. In one hand, v corresponds to synthesized
branch voltage utilizing NLC modulation technique. As observed, it features typical
“discrete steps or levels” indicating NLC has been precisely implemented. Moreover,
a voltage magnitude nearly of 2 kV can be measured. In the other hand, 4;,; depicts
current that flows through branch one. A current magnitude close to 10 Amperes is
shown. Furthermore, by carefully observing traces of voltage vns; and current iy, it

can be realized they feature both frequency components ( fape, fi23) of the connected
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Table 4.1: Simulation parameters.

Branch resistance Ry 0.6 Q2

Branch inductance Ly 10 mH

Hexverter Number of SMs per branch n 12
Capacitance C 20 mF

Nominal SM voltage Ve 166.67 V

Active power P.pe 15 kVA

Reactive power Qabe 0 kVar

Voltage magnitude Vabe 1kV

System {abc} Frequency Sabe 50 Hz
Resistance R 1Q

Inductance Ly 10 mH

Active power Py from V2 control

Reactive power Q123 0 kVar

Voltage magnitude V123 1 kV

System {123} Frequency f123 10 Hz
Resistance Ria3 0.8 Q2

Inductance Lyo3 15 mH

Voltage between neutrals Vog Y

Circulating current Teir 0A
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Figure 4.10: NLC: AC three—phase voltages v.p., V123, branch voltage v,s; and branch

current ip.

AC three—phase systems. In summary, it can be mentioned that both v, and 7y,
are fully compliant to equations (2.7) and (2.8). In regard to the performance of the
so called NLC VBA, Fig. 4.11, illustrates n traces that correspond to measurements
of controlled capacitor’s voltage. Based in the reported results, it can be stated that
NLC VBA is controlling n voltages between a reasonable range of V;; = £2.5V. This
variation is approximately equal to 1.5% average error in comparison to V. NLC

VBA achieves steady—state in about 200 ms.

4.3.2 Assessment results of PD-SPWM
Top two sub—figures of Fig. 4.12, depict waveforms corresponding to AC voltages

Vabe and vy193. These are compliant with the provided simulation parameters due to
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Figure 4.11: NLC VBA performance. Top) zoom-out depicting transients at initial

conditions. Bottom) zoom—in at steady—state.
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Figure 4.12: PD-SPWM: AC three-phase voltages vapc, U123, branch voltage v,g; and

branch current iy;.
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the fact that a good match in magnitude, frequencies and phase is observed. More-
over, bottom two sub—figures depict waveforms of wv,g; and i, respectively. With
respect to v, it shows a peak voltage of approximately 2 kV. Its trace shows typical
on and off switching over the “levels” indicating PD-SPWM has been adequately
implemented into the simulation. Current flowing through branch one is shown by
trace i,1. As expected, a peak value of about 10 Amperes can be measured. Con-
sistent to equations (2.7) and (2.8), vps1 and 4,1 contain both frequency components

(fabe, fi23) of the connected AC three-phase systems. Performance of PD-SPWM

> 168
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o

Ve

168} T

z
§166- '

10 ms/div

Figure 4.13: PD-SPWM VBA performance. Top) zoom—out depicting transients at

initial conditions. Bottom) zoom—in at steady—state.

VBA is presented in Fig. 4.13, where n number of controlled capacitor’s voltage
waveforms are depicted. PD-SPWM VBA is controlling all branch capacitor’s volt-
ages Vi = £3.0V compared to V{; representing 1.80% average error. PD-SPWM
VBA performs the same in all other branches. It reaches steady—state, in about 300

ms.

4.3.3 NLC and PD-SPWM discussion of results
Regarding the implementation of NLC and PD-SPWM into the Hexverter—based

multilevel converter and based on simulation results shown from Fig. 4.10 to Fig.

4.13, three main points can be mentioned. (i) since with the naked eye almost no
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difference can be observed in both synthesized AC voltages and currents, it becomes
necessary to analyze in depth these waveforms. Thus, in order to determine which
modulation technique outperform the other in terms of its harmonic spectrum and
total harmonic distortion, the reader is referred to section 9. (7i) in one hand, branch
vps1 voltages show a small difference in the number of levels to synthesize the same
Hexverter’ terminal voltages; in the other hand, both branch currents i, are clearly
different, it can be mentioned branch current out of PD-SPWM is more distorted
than the one measure when NLC modulation technique is utilized. (%ii) a small
difference of 0.3% average error is measured when comparing both voltage balancing

algorithms.

O 4
=100 :
2.-200 -
L300} .

O_ .
=100

250 ms/div
Figure 4.14: Test Case I: NLC AP value obtained with “virtual V& control”.

4.3.4 Performance of “virtual VC2 controller”

4

In order to validate the performance of the “virtual V& controller” two different

scenarios are considered.

4.3.5 Test Case I

In this scenario the Hexverter power converter is considered a lossless system. In
other words, Py, and P,.,q are both equal to zero. Be aware, the parasitic effects of the

Hexverter’ reactive elements are modeled into the branch resistor R;. Performance
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of “virtual V& control” under NLC modulation technique is depicted in Fig. 4.14.
At the beginning of the trace a transient behavior appear due to the rate of change
of energy into the submodule’s capacitor and branch inductors, nevertheless, under
this transient conditions the controller is able to achieve and provide correct active
power balance reference for the AC system {123}. As observed the controller takes
approximately 1.25 seconds to reach steady state with a AP value of 184 W. By
analyzing equation (4.7), this value of AP parameter corresponds to a DC-offset
due to the embedded calculation of Pgr term. In order to verify the correctness of
the calculated AP value, the reader is referred to Table 4.1, where the active power

reference of the AC system {abc} P, . =15kVA is provided.

abc

O .
=100 :
2.-200
R | .

0_ .
=100

250 ms/div
Figure 4.15: Test Case I: PD-SPWM AP parameter obtained with “virtual V3 con-

trol”.

In the same fashion, performance of “virtual V& control” under PD-SPWM mod-
ulation technique is depicted in Fig. 4.15. As expected, a transient behavior of AP
trace appears at the beginning. However, one more time the controller is able to
achieve and provide correct active power balance reference for the AC system {123}.
As it is depicted, the controller takes about 1.5 seconds to achieve steady state with
a value of 202 W, that corresponds to a DC-offset due to the embedded calculation
of Pr term. By comparing both AP parameter values out of both modulation tech-
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niques, an active power difference of 18 W is observed. It seems that by utilizing this

simulation setup, active power losses are 18 W higher when PD-SPWM is utilized.

4.3.6 Test Case I1

In this scenario, the Hexverter power converter is no longer considered a lossless
system. The IGBT transistor part number IRG4BC30KDPDF is selected. Its main
parameters are listed in Table 4.2, and it includes an ultrafast soft recovery diode
connected in antiparallel. Since all branch reference voltages coming out from the
implemented current controllers, submodules’ DC-link voltages and branch current
directions are known, duty cycles for the IGBTs and diodes define with variables

(dy,

b,mi

and dP

bmi) can be determine [9]. Switching and conduction losses of a single

transistor are define by variables PL and PI

ond> Tespectively. Those can be estimated

by equations (4.10) and (4.11),

) VThrow ZTT f

Py, = (Eony + Eorr, TA— sw (4.10)
REFT /REFT
Pg)nd = dg,miVCEONT Z’_T (411)

Similarly, conduction loss of a single diode is defined by variable P2 , and can be

approximated by equation (4.12),

PR = db i Vipin. (4.12)

cond

Bear in mind, ip and ip are both equal to magnitude of branch current [i,,,| and
Vihrow 18 equal to the given reference voltage for each submodule V{i. Furthermore,
in order to determine the mean values for the active power losses, all calculations are
performed over a hyper—period defined earlier as T}, = 1/gcd( fabe, fi23)-

The functioning of the proposed “virtual V¢ controller” under NLC modulation
technique is depicted in Fig. 4.16. It shows a transient behavior of AP trace of
approximately 1.25 seconds, nonetheless the controller is able to reach steady state

conditions with a value of 1.303 kW, while providing active power reference for the
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Table 4.2: Nominal parameters of the IGBT and Diode part number:
IRG4BC30KDPDF and operational conditions.

Transistor Collector-to—emitter voltage Vers 600V
Continuous collector current Ic@Q T=25°C 28A
Collector—to—emitter saturation voltage VCEONT 2.21V
Turn—on switching loss Eony 0.60mJ
Turn—off switching loss Eorr, 0.58mJ

Diode continuous forward current Ir, 12A
forward voltage drop Ve, 1.4V

Operational Operating voltage VREF, 167V

conditions  Peak value of operating current fREFT 10A
Transistor throw voltage Vibrow 167V
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Figure 4.16: Test Case II: NLC AP value obtained with “virtual V& control”.

AC system {123}. As shown in Fig. 4.17, this value of AP agrees with active power
reference Py5 and its measurement. Furthermore, it can be stated that both traces
of P55 and Pja3 are in practice on top of each other. This indicates the performance
of the “virtual V& controller”. Considering the efficiency equation defined by n =
Lapc—AP

e AP 5100, the Hexverter power converter seems to be performing at 7 = 91.31
abc
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efficiency. This value obtained agrees with the studies regarding efficiency developed

in [9]. Correspondingly, performance assessment of “virtual V3 controller” under PD—

15

10

P/Qabc (kW/kVAI‘)

15_ -~y

10

P/Q123 (kW/kVAr)

Or i

PTQ3 - -P123

1 s/div

Figure 4.17: Test Case II: comparison of (P, Q% .. Prys and Pjhy;) vs measurements

under NLC modulation.

SPWM modulation strategy is shown in Fig. 4.18. After the transient behavior of AP

trace, the controller reaches steady state in about 1.4 seconds with a value of 1.317kW.

At the same time, it provides active power reference for the three—phase AC system

{123}. This value of AP agrees with active power reference P, and its measurement,
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=1.2
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—-1.2
<1-1.8
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Figure 4.18: Test Case IT: PD-SPWM AP value obtained with “virtual V2 control”.

as it is illustrated in Fig. 4.19. Furthermore, it can be stated that both traces of Pj,
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and P93 are practically attached to each other. This indicates the performance of the
“virtual V& controller”. Under the above circumstances, the Hexverter—based system

seems to perform with a value of n =91.22 efficiency. In summary, by comparing the
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Figure 4.19: Test Case II: comparison of (P ., Q% Pras and Pphs) vs measurements

under PD-SPWM.

results obtained out of Test Cases I and II, the Hexverter—based system seems to be

more efficient when NLC modulation technique is utilized.

4.3.7 Assessment of harmonic spectrum and total harmonic distortion

Total harmonic distortion (THD) of any single phase waveform, can be estimated

by equation (4.13),

9] h2
THD = —Vzﬁfj?’f (4.13)

where h; accounts for the amplitude of the fundamental frequency and hy stands for

any harmonic’s amplitude multiple of the fundamental frequency.

4.3.8 Single phase voltage THD assessment under NLC
Five cycles of single phase voltage v, are depicted in the top—left section of Fig.

4.20. This voltage is measured at Hexverter’ terminals labeled as PCC,p,. (see Fig.
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Figure 4.20: Spectrum of v,,v; and THD calculations, when NLC modulation tech-

nique is utilized.

2.4). Its frequency, magnitude and phase are compliant with simulation parameters.
Moreover, the harmonic content of v, is assessed and illustrated in the bottom—left of
Fig. 4.20. A set of 160 harmonics labeled as h,j are shown. As expected its magni-
tudes are monotonically decreasing as its harmonic order increases. Its THD is then
calculated and equal to 2.21%. Harmonic’s number 29*"= 1450 Hz and 31*"=1550
Hz are the most representative featuring a magnitude of approximately 0.30%. In
the same fashion, five cycles of single phase voltage v; are shown at the top-right
section of Fig. 4.20. This voltage is being measured at Hexverter’ terminals labeled
as PCCy3 (see Fig. 2.4). By simple inspection of Fig. 4.20, v; looks more distorted
as compare to v,. This claim is consistent with the evaluation of v; harmonic content
which generates a value of 3.97% THD. A set of 160 harmonics labeled as h; ; are
shown in the bottom-right section of Fig. 4.20. Notice, its magnitudes are mono-
tonically decreasing as its harmonic order increases. In this case, harmonic’s number
15h= 150 Hz, 79"%"= 790 Hz and 129""=1290 Hz are the most representative, they

feature magnitudes of 0.7%, 0.5% and 0.55%, respectively.
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Figure 4.21: Spectrum of v,, v; and THD results, when PD-SPWM modulation tech-

nique is utilized.
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Figure 4.22: Spectrum of i,,7; and THD calculations, when NLC modulation tech-

nique is utilized.
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4.3.9 Single phase voltage THD assessment under PD-SPWM

Five cycles of single phase voltage v, are shown in top—left section of Fig. 4.21.
Correspondingly, top-right section of the same figure shows five cycles of single phase
voltage v;. Both voltage waveforms were measured at each PCC, respectively. Har-
monic distortion measurement of single phase voltage v, indicates a THD value =
2.50%. It is 13.2% higher in comparison to the THD value obtained by NLC mod-
ulation. Similarly, a THD value of v; equal to 3.98% is calculated. This former
number indicates that independently of the modulation technique, almost no differ-
ence regarding the THD value of v; can be observed. Be aware, harmonic number
15t%h= 150 Hz, feature the highest magnitude (0.7% and 0.6%, respectively) under

both modulation techniques.

4.3.10 Single phase current THD assessment under NLC
Single phase current 7, is depicted in the top—left section of Fig. 4.22. This cur-

rent shows an amplitude of 10 Amperes, that in turn, is compliant with simulation
parameters. Its harmonic content is evaluated and shown in bottom-left section of
Fig. 4.22. The THD calculation indicates a number equal to 2.27%. Low order har-
monics, less than 3000 Hz, are the most representative featuring a highest magnitude
of 0.46%. Similar trace is shown to indicate i; in the top-right section of Fig. 4.22.
As expected, this current feature an amplitude of nearly 10 Amperes. Its harmonic
content correspond to a value of 2.94%. Harmonics number 7%, 17" and 35" are the

more representative featuring magnitudes fairly close to 0.7%.

4.3.11 Single phase current THD assessment under PD-SPWM

Single phase current i, is depicted in the top—left section of Fig. 4.23. Like-
wise, top-right section of Fig. 4.23 shows single phase current ;. Both traces were

measured at each PCC. Harmonic distortion computation of single phase currents

indicate THD values of 3.19% and 4.52%, respectively. THD values of PD-SPWM
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Figure 4.23: Spectrum of i,,4; and THD results, when PD-SPWM modulation tech-

nique is utilized.

are higher than NLC in 40.6% and 54%, each. Be aware, 4; harmonic number 5% =
50 Hz features the highest amplitude of 2.3% under PD-SPWM.

In summary, all the THD values obtained out of PSCAD /EMTDC simulations are
compliant with international standards IEEE 519 [2] and IEC61000-3-2 [3]. More-
over, it seems NLC modulation strategy outperforms PD-SPWM modulation tech-
nique when THD of synthesized waveforms is considered. In future work, some THD
values can be reduced to a minimum by properly implementing modulation techniques

such as harmonic elimination and selective harmonic elimination.

4.4 Conclusions

In this chapter, the operational principle of the direct AC-AC multilevel power
converter “Hexverter” was presented. The subsystems (i) branch current controller
performing in a unified two—frequency dg framework, and (ii) a proposed “virtual
V& controller” were integrated to a power converter setup composed of: (a) modula-

tor, (b) voltage balancing algorithm and (¢) Hexverter system. The results obtained
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suggest the control scheme is able to regulate the Hexverter—based system under
both modulation strategies. Moreover, an assessment of total harmonic distortion
of AC three—phase voltages and currents was thoroughly developed. It seems, NLC
modulation strategy outperforms PD-SPWM modulation technique. For instance,
THD of v, is 13.2% higher under PD-SPWM than under NLC. Likewise, THD of
11 is 54% higher under PD-SPWM than under NLC. Be aware, all the THD val-
ues obtained out of PSCAD/EMTDC simulations are compliant with international
standards IEEE 519 [2] and TEC61000-3-2 [3]. Validations of proposed “virtual V{
control” were presented. According to the results obtained, “virtual V& controller”
was able to accurately determine the active power loss of the Hexverter—based sys-
tem. Furthermore, by assessing AP values of both modulation techniques and under
the scenarios of Test Case I and II, nearest level control technique yielded superior
efficiency. Experimental validation of the analysis presented herein is currently under

investigation. Results will be published as they become available.
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CHAPTER 5

DETAILED MODELING OF LARGE SCALE PHOTOVOLTAIC

POWER PLANTS UNDER PARTIAL SHADING CONDITIONS
5.1 Motivation & present state of knowledge

A photovoltaic (PV) panel is a renewable energy source that directly converts
solar irradiance into electricity through the PV effect. With the current growth of
PV adoption, many believe it will become a significant contributor to our energy
generation portfolio. To aid in this growth, there is currently significant interest in
developing viable PV systems for large scale installations. The large geographic foot-
print of a large scale installation, known as a PV power plant, has unique challenges.
Due to the large surface area, clouds, dust, and shadows may have a non—uniform
effect on the solar irradiance seen by a PV power plant. This phenomenon, known
as partial shading (PS), is a major source of reduction for both the lifespan and the
output power generated by a PV power plant.

Output power reduction stems from the added complexity that PS creates for the
control algorithm. In an effort to maximize the amount of power extracted from a
PV system, a maximum power point tracking (MPPT) algorithm is utilized. MPPT
algorithms typically take advantage of the convex shape of the power—voltage (P-V')
performance curve. PS conditions, however, create several local maxima along the
convex P-V performance curve [30], making the MPPT considerably more challeng-
ing. Conventional MPPT algorithms tend to get trapped by these local maxima,
instead of finding the global maxima, thus reducing the amount of power extracted.

In addition to PS reducing output power, lifespan is also reduced. Building—
block components of a PV system, known as PV cells, see a varied amount of solar
irradiance during PS. Lifespan reduction occurs from the hot—spots that form in the
PV cells seeing less irradiance. When PV cells are connected in series, the PV cells

seeing less irradiance are forced to carry the same current as the PV cells seeing a
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higher irradiance [31, 30, 32]. The PV cells seeing less irradiance act as loads and
thus heat up, reducing the lifespan of the PV system.

Large scale PV systems can be prone to faulty conditions which further contribute
to the reduction of power production and lifespan. These faulty conditions can be
the result of mechanical, environmental, or electrical conditions. To overcome these
challenges, real-time advanced monitoring techniques have been proposed to monitor
and diagnose PV system components. In [33], the authors introduced fault indicator
thresholds based on predefined healthy operating conditions. The proposed method
was able to determine if the PV system was operating in fault status, and it was also
able to determine the type of fault. In a separate approach to reduce power losses
due to PS conditions, [34] proposed detecting temporary faults utilizing voltage and
current indicators.

In an effort to reduce the detrimental effects of PS, there has been significant
research on connecting a string of PV cells in anti—parallel with a bypass—diode (BPD).
A BPD allows the higher current, due to the PV cells experiencing higher irradiance,
to bypass the PV cells experiencing a lower amount of irradiance. In a review and
analysis, [31] shows that implementing BPDs increase the lifespan of PV cells and
also maximize power output by minimizing the losses associated with cells acting as
loads.

There have been significant advances towards creating a viable PV system for
widespread PV power plant adoption. Studies have researched the way PV cells
are connected and optimized, in order to minimize the effects of partial shading.
Considerable attention has been paid to determine the optimal architecture of a PV
power plant, including techniques for modularization as well as reconfiguration and
topological interconnection of cells. Efforts have also been made to efficiently and
accurately model PV systems, both thermally and electrically. Other studies have

integrated MPPT algorithms into power converters and are capable of adapting their

54



behavior. The following is a literature review that helps locate this work in the field
of PV research.

Significant research has been performed to improve performance during PS, in-
cluding several studies focused on the effects of various topological connections of
PV cells to power converters. A modular configuration for PV power generation was
proposed by [35]. First, this modular system consists of PV arrays connected di-
rectly to dedicated DC-DC converters, that are all tied to a common DC bus. Each
PV array is then independently controlled by an MPPT algorithm, ensuring that the
MPP is achieved. Second, DC-AC inverters, known as voltage source inverters (VSI),
are then parallel-connected to the common DC bus. Utilizing a current—decoupling
method, the parallel-connected VSI modules optimize load sharing and provide re-
dundancy, thus improving system efficiency. The main drawback of this approach,
compared to the conventional centralized topology, is the increased economic cost due
to the additional power converters and inverters. In a separate paper, [36] proposed a
different modularization strategy for large PV power plants. The authors connected
a bidirectional DC-DC converter, per every two series—connected PV panels, which
was controlled independently according to environmental conditions. Additionally,
a DC-DC converter was connected to every parallel branch, to control the DC bus
voltage. The main drawback of this approach was the need for the extra DC-DC
converter, to sufficiently step—up the DC bus voltage.

Taking a different approach, [37] proposed utilizing a modular multilevel con-
verter, in order to extract the maximum power under PS conditions. The authors
proposed connecting a PV panel in parallel with the capacitor in each submodule
of the modular multilevel converter. The maximum power can then be extracted
by regulating the voltage across each capacitor, in order to achieve the PV systems
maximum power point (MPP). This approach is advantageous during PS because the

PV panels are not directly series—connected, thus the power losses can be kept to a
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minimum. These papers all demonstrate the benefit of additional power converters
during PS conditions.

In other efforts to reduce the effects of PS, several papers have researched the
effects of different electrical connections on power generation. In [38] topological inter-
connections of PV panels were analyzed and compared during six different scenarios of
PS conditions. These configurations were named accordingly to their interconnection
as series, series—parallel, total-cross—tied, bridge-linked and honeycomb. Results of
shading cases were compared in terms of shading loss, mismatch loss and fill factor. In
addition, an assessment of the power produced from each topological interconnection
was carried out. It was determined, for all cases of PS conditions, that total-cross—
tied configuration featured the highest maximum power, the lowest mismatch loss
and fill factor. Further studies of topological interconnections can be found in [39]
and [40] and demonstrate the positive effect of creative interconnections during PS
conditions.

Using another method to minimize the PS issue, several papers have explored
dynamic reconfiguration of the electrical topology. One reconfiguration technique
was demonstrated in [41], in order to improve power extraction from a PV system
in a reduced computational time. This technique employed the greedy optimization
principle, creating a simple strategy to find the optimal PV cell electrical topology. In
this strategy, the electrical connection of PV panels was swapped, through switches,
from one series—connected row to another. This was done in order to connect, in se-
ries, PV panels experiencing a similar level of irradiance. This swapping process was
utilized until it was not possible to further minimize the irradiance difference inside
the series—connected rows. In a different approach [42] studied an electrical array re-
configuration technique using high—speed processors, low—cost switching devices and
data acquisition systems. Similar to the Mahmoud paper mentioned previously, the

physical location of the modules remained the same while its electrical connections
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were altered. The difference here is that the authors optimized the electrical con-
nections by the particle swarm optimization method. Comprehensive comparisons
of energy savings, power generated and various electrical array reconfiguration tech-
niques were performed. While studying another approach, [43] proposed utilizing a
computer—aided design tool to model, study and understand the effects of PS on PV
systems. This tool can be used to study the effects of various PV array configurations
on the output power when taking into consideration likely shading patterns. In all
of these papers, the authors decreased the effect of PS on PV systems by actively
managing the reconfigurations of the electrical connections between panels.

In order to accurately model the behavior of a PV system, its thermal effects
need to be considered. This is a challenge because the PV cell junction temperature
is typically not available for direct measurement. Due to this, there have been several
authors [44], [45], and [46] that have developed expressions to estimate the PV cell
junction temperature. These models are based on several parameters, including am-
bient temperature, wind speed, and solar irradiance. Comparing the results of these
models ([44] and [45]) show little difference and then they also suggest that this is due
to wind speed significantly cooling down the PV cell junction temperature. These
models, however, are limited because they do not take into account the additional
thermal effects of the BPD.

Lifespan reduction, due to the hot—spots created by PS is another research topic.
A BPD strategy proposed by [47] significantly reduced hot—spot temperature in both
partial and full PS conditions. This technique utilized a series—connected MOSFET
transistor, which reduces the reverse voltage created by the shaded solar cells, by
acting as a voltage divider. The proposed solution does not rely on either a control
logic or a power supply. According to the authors, experimental results have shown
that the shaded cells hot—spot temperature can be reduced by up to 24 °C further

than the standard BPD approach.
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In addition to topological research, many studies have focused on the mathemat-
ical modeling of the PV cell. Several authors have reported that the five—parameter
single-diode model can effectively represent the current—voltage (I-V) characteris-
tics of a PV cell. The five-parameter model, given by [48], uses the I-V relationship
for a PV cell and includes the ability to model PV cells or panels connected in se-
ries. An enhanced version of the aforementioned model was proposed in [49]. It was
demonstrated that the model can accurately represent the electrical behavior of any
size array of PV cells. Focusing on a different method, [50] proposed modeling a PV
cell with a modified two—diode model. Typical two—diode models are not favored,
compared to one—diode models, due to their large increase in computational time.
However, they were able to reduce the simulation computational time by using a
method that required only four parameters, instead of seven, to characterize the -V
and P-V curves of a PV cell. Furthermore, their software was able to simulate large
PV arrays, assuming they were connected to power electronic converters controlled
by MPPT algorithms. While these studies have all been able to accurately model a
PV cell, they have not included the use of a BPD.

In yet another attempt to increase power extraction from PV systems, MPPT al-
gorithms are used to track the global maximum power point. However, conventional
MPPT methods such as perturb and observe and also incremental conductance are
not able to accurately cope with PS conditions. This drawback has given rise to
various advanced MPPT algorithms approaches. These advanced techniques employ
strategies such as linear search, which is an improvement over conventional MPPT
algorithms. Other advanced MPPT algorithms employ artificial intelligence tech-
niques such as utilizing a neural network and fuzzy logic. Also utilizing artificial
intelligence, some MPPT algorithms utilize a meta—heuristic procedure based on op-
timization techniques such as particle swarm optimization [51]. Several studies have

also focused on the integration of MPPT methods and power electronic converters.
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For example, an MPPT algorithm able to consider the various local maxima of the
P-V curve, due to PS conditions, was developed in [52]. Here the authors controlled
a standard DC-DC converter with this new MPPT algorithm. Similarly, [53] inte-
grated a new MPPT technique to a standard DC-DC converter. Here the authors
developed an online geometrical MPPT technique that uses the voltage and current
deviations of a PV system, to find its power slopes. The algorithm then selects how
to change the current coming from the PV system, based on the power slopes, in
an attempt to achieve the MPP. Unlike conventional MPPT techniques, PS MPPT
algorithms are adaptive to the power curves, however, they are unable to maximize
a BPD connected PV system.

The above-mentioned studies have contributed to significant advancements in
the power extraction of PV systems experiencing PS. They did not, however, take
into account detailed modeling of PV cells connected to BPDs. In addition, junction
temperature modeling of PV cells connected to BPDs was not investigated in re-
gards to variations caused by ambient temperature, cell temperature, and wind speed
fluctuations.

In an effort to address the above-mentioned research gap, the aim of this inves-
tigation is to synthesize a thermoelectric modular model of PV cells connected to
BPDs. This is done in order to more accurately emulate the behavior of PV cells
connected to BPDs under PS conditions. The proposed model features modularity
and thus can be scaled to represent any size array of PV cells.

The effectiveness of the proposed model is then benchmark validated against the
built-in Matlab—Simscape PV panel block [54]. Here we also validate and analyze
the model in PSCAD/EMTDC. This validation includes the use of partial shading
modeling, real data measurements of ambient temperature, cell temperature, and
wind speed. Finally, a performance analysis of several MPPT algorithms, proposed

in [55], is carried out.
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In summary, the contributions of this work are:

e A thermoelectric modular model that is able to represent a PV power plant of
an arbitrary size capturing the details of all the constituent PV cells and BPDs
through a single equivalent circuital representation. The model synthesizes
I[-V performance curves and computes junction temperatures of PV cells and
BPDs from data that is generally available from measurements: solar irradiance,

ambient temperature and wind speed.

e A novel thermal equation that yields BPDs’ junction temperature, including
the heat transfer phenomena into the junction box, due to dissipated power,

radiation, convection, and conduction.

e An application example of the proposed model comprising a comparative eval-
uation of several MPPT algorithms while operating on a large grid—connected
PV power plant, subjected to realistic PS conditions. The simulation is imple-
mented in PSCAD/EMTDC, and includes the proposed model, a VSI, a step up
transformer and a Thévenin equivalent of a power grid, along with real values

of solar irradiance, ambient temperature, and wind speed measurements.

The rest of this work is organized as follows. First, a model for BPDs connected
to PV cells, as well as a discussion regarding the derivation of the proposed model, is
described in section 5.2.1. Next, model validations are presented in section 5.3. Then,
an application example is detailed and analyzed in section 5.4. Finally, conclusions

are reported in section 5.5.

5.2 Technical approach
5.2.1 Mathematical modeling
This section develops a thermoelectric modular model of PV cells connected to

BPDs, able to be scaled to any size. The model characterization considers standard
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Nomenclature
A Cross—section area of the diode (cm?) Rgair Air enclosed on junction box equivalent thermal resis-
A* Richardson’s constant (112 Acm ™ 2K~2) tance (£2)
E, Dopant activation energy (eV) Rgcj Junction case conduction thermal resistance (£2)
Eg Bandgap energy (eV) T Cell temperature (K)
Eo Tunneling energy (eV) T, Ambient temperature (K)
G Solar irradiance (W/m?) Tys PV panel back—surface temperature (K)
Go Reference solar irradiance on panel (1000 W/m?) T; Junction temperature (K)
Iy Cell saturation current (A) To BPD reference junction temperature (K)
Iqo Diode saturation current (A) Veloud Cloud speed (m/s)
I;;r Photocurrent (A) Vparray Terminal voltage of Parray (V)
Iparray Total output current of Parray (A) Vpeenn Terminal voltage of Peop (V)
Ipcenn Total output current of Peopp (A) Vpdiode Terminal voltage of Pyiode (V)
Ipdiode Total output current of Pyijode (A) Vppanel Terminal voltage of Ppaner (V)
Ippanel Total output current of Ppaner (A) Vpsection Terminal voltage of Ppioex (V)

Ipgection Total output current of Ppjock (A) Viw Wind speed measured at standard 10 m height (m/s)
Ncs Number of series connected cells a Characteristic fitting parameter of a given semicon-
Ncp  Number of parallel connected strings of cells ductor material (eV/K)

Ng4s Number of series connected diodes B Characteristic fitting parameter of a given semicon-
Ngp Number of parallel connected strings of diodes ductor material (K)
Nps Number of series connected PV panels aé Relative temperature coefficient of short—circuit cur-
Npp Number of parallel connected strings of PV panels rent (%/°C)
Ngs Number of series connected sections AT Difference between T and T},gs at G of 1000 V\//m2
Parray Nes X Nep array of series—parallel connected PV pan- (276.15 K)
els P10 Schottky barrier height (eV)
Phblock A parallel connection of P.e) and Pgjode partitions a Upper limit for panel temperature at low Vi and high
Pecell Nes X Nep array of series—parallel connected PV cells G (-3.47)
P4 Junction box dissipated power (W) b Rate at which panel temperature drops as Vi, increases
Pdiode Nds X Ngp array of series—parallel connected BPD (-0.0594)
Ppanel series connected Pplock d Distance between solar collectors (m)
R4s Diode series resistance (£2) k Boltzamnn’s constant (1.3806503 x 10~ 23 J/K)
Ry, Cell shunt resistance (£2) n PV cell ideality factor
Rg Cell series resistance (£2) n, BPD ideality factor
Rgo BPD reference series resistance (£2) ng BPD reference ideality factor
Rgap Surrounding air—junction box radiation and convec- g Electron’s electric charge (1.602 x 10~19 C)
tion thermal resistance (£2) ref Reference value
Rgpair Junction box conduction thermal resistance (£2)

electric models for both a single PV cell as well as a BPD. Thermal effects are incor-
porated accounting for solar irradiance, wind speed, and ambient temperature. Based
on actual PV system architecture, the model is built to characterize any size array of

PV cells.

The modeling procedure begins by defining the following two building blocks. Let
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Peenl be a Neg x N, array of series and parallel-connected PV cells. Similarly, let Pgiode
be a Ngs x Ngp array of series and parallel-connected BPD. The letter P is chosen
to highlight the fact that each of these arrays are “partitions” of a larger structure.
When these building blocks are parallel connected, they give rise to a third partition
of PV panels depicted in Fig. 5.1(a), termed as Ppoek- A PV panel partition, termed
Ppanel, is obtained by connecting in series a number of Ppjoks and it is shown in Fig.
5.1(b). In the same fashion, an aggregation in series and in parallel of Ny x Ny,
panels yields to a PV array representation termed Phyay illustrated in Fig. 5.1(c).
A Paray is thus any size array of PV panels that may represent an entire PV power
plant or a section of it, preserving both the inner structure and also modeling details
of its inner blocks. Fig. 5.1, shows the various partitions comprising the array. The
figure specifically uses the PV panel Kyocera KC85TS as an example. The panel is
built using three series—connected Ppoac, With each block comprised of a 12 x 2 Py
connected in parallel with 1 X 3 Pgiode-

5.2.2 Thermoelectric model of P,y
This section develops a thermoelectric model of any size array of N X Vg, series—

parallel connected PV cells.

5.2.2.1 Electrical model of P

The circuital model for P, proposed by [30], is established from a current source,
an anti—parallel diode modeled by a controlled current source, a series and also a shunt
resistance. One key advantage of this model is that any size array of any number
of cells connected in series and parallel depicted in Fig. 5.2(a), can be modeled
through a single equivalent circuit. This circuit is illustrated in the top section of
Fig. 5.2(b). In this figure and throughout the rest of this work, continuous blue lines
are used to indicate measurements, whereas dashed blue lines represent signals used to
drive controlled sources. Simple circuit analysis leads to the following transcendental

and terminal voltage Vp

cell?

equation relating the total output current Ip

cell
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Figure 5.1: Construction of Pjray from partitions Peen, Paiodes Phiock

the Kyocera KC85TS PV panel as an example.

Ip . =I

cell irr

NeankT R,

— [(’) {exp (q (Vpcell + [,Pcelle>) N 1:| _ VPeen + IpcellRé.

and Ppanel using

(5.1)

In (5.1), q is the electron charge (¢ = 1.602 x 107 C), n is the ideality factor of the

PV cells, k is the Boltzmann constant (k = 1.3806503 10~2* J/K), and T stands for PV
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cell temperature. The various “prime” accounts for the series—parallel aggregation,

and are related to their single—cell counterparts according to I/

irr — NcpIirr; I(,) - NcpIO;
R, = JJ\\;—;‘DRP; and R, = ]J\\;—;RS. I is the photo current, which is generated when the
cell is exposed to solar irradiance, G. I is the cell saturation current, and Ry and

R, represent the series and shunt resistance, respectively. The parameters I, Iy, I

and R, depend on G and T, as well as on some reference parameters,

G
Iirr = dirrref 54— []- + Oé;(T - Tref)] 3 (52)
Gref
T\° Eyvt E
Iy = Iyer [ — grel. —8 5.3
0 0,ref (Tref) exp <7€Tref k;T) ) ( )
G
Rp = Rp,ref (Gref) 5 (54)
Rs = Rs,refa (55)
N = T (5.6)

In (5.2), af is the absolute temperature coefficient of the cell short—circuit current,
which represents the rate of change of the short—circuit current with respect to T'. In

(5.3), Eg is the bandgap energy for silicon in (e¢V) and may be computed as:

2

E,=117—473x 1074 ——.
g T 636

(5.7)

The parameters of the single-diode PV model can be extracted from manufac-
turer’s datasheets [56],[49]. Alternatively, several authors have also proposed method-
ologies for extracting the five-parameter model based on experimental measurements
representing the I-V curves; see for instance [57] and references within. A different
method to extract the five-parameter model was proposed by [58]. The parameters
were determined using the PV panel manufacturer’s datasheet, as well as a single
experimental measurement of the shunt resistance. According to the authors, mea-
surement errors of the shunt resistance do not affect the values of the calculated

parameters.
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5.2.2.2 Thermal model of P,

It may be observed the circuital model described in the top section of Fig. 5.2(b),
depends on the PV cell temperature 7" as illustrated in the bottom section of Fig.
5.2(b). Since T, may not be directly available for measurement, several authors have
developed expressions for determining 7" based in the ambient temperature, wind

speed and also solar irradiance. From here forward we use the equation from [44],

Ths = Gexp (a + bVy) + Ty, (5.8)
G

T =The + —AT, (5.9)
Go

where Tis and T, are, respectively, the PV cell back—surface and ambient tempera-
ture, and V4, represents the wind speed. The coefficients a, b, and AT are empirically
determined, taking into account the PV panel type and mounting characteristics.
The upper limit for the panel temperature, experienced at low wind speeds and high
irradiance, is represented by a. The rate at which the panel temperature drops as the
wind speed increases are indicated by b and the temperature difference between the

cell and the panel back—surface at an irradiance level of 1000 W /m? is represented by

AT [44).

5.2.2.3 Unified model of P

A unified representation for the partition Peey is depicted in Fig. 5.2(b), where

the integration of the thermal and electric models is shown.

5.2.3 Thermoelectric model of Pjiqde

The electrical model used, from a single diode, is well established by the Shockley
equation [59]. This subsection describes the model and proposes a simplified thermal
model for a BPD, taking into account the junction box temperature dynamics. The

electric and thermal models are then unified and generalized, to account of an array

of Nds X Ndp BPDs.
65



Electrical .
Ré Ipcell

model

4+

]i/rr ] VPce

— * l_><$ v %R; '

IPcell | -

L °

(361111 [:] o [::] Celhn_ |J [ ~
|

V.o =15 lexp (w57) — 1

+
cellp1 [:] . [::] cellyn Thermal

T=Gexp (a+bVy)

6 ) LT+ S AT model
C Go

(a) (b)

Figure 5.2: (a) an array of PV cells, (b) its equivalent thermoelectric model Peey.

5.2.3.1 Electrical model of a single BPD
The Shockley diode equation is defined by [59] as follows:

(5.10)

T .
Topp = Ing {exp (Q(VBPD Bpp 4 )) _ 1} 7

np k7
where Igpp is the diode’s current, Vgpp is the voltage across the diode, ny is the
ideality factor of the diode, T; is the junction temperature and Rg4s is the diode’s
series resistance and, I is the diode saturation current and it can be obtained from

(5.11) following the procedure presented in [60],

*x2 qq)b(]
Ibg = AA T; eXp <— /{T} ) y (511)

where @y is the Schottky barrier height, A* is the effective Richardson constant and
equals to 112 Aem™2K~2 [61] and, A is the diode’s cross section area.
Notice, ny,, Rqs and $1,9 BPD parameters vary due to their heat transfer phenom-

ena. In the next subsection, mathematical expressions are reviewed in order to take
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into account these variations.

5.2.3.2 Thermal model of a single BPD

Analytical expressions for the ideality factor and the diode’s series resistance are
typically obtained through curve fitting from experimental measurements. Herein the
ideality factor, diode’s series resistance, and Schottky barrier height are obtained by
following the procedure in [60], [59] and [62] in conjunction with the manufacturers’
datasheet.

Researchers have found that the ideality factor, the series resistance, the Schottky

barrier height and their dependencies formulation as a function of 7 can be expressed

as follows:
T
ny(T}) = o + 22, (5.12)
1j
E,
Rds(z}) = RSO exp ]{;_TS s (513)
T2
Oo(T:) = By — ) 14
vo(T5) 0 04Tj+57 (5.14)

where ng and T} are constants, and can be obtained from the linear fitting of the plot
of ideality factor versus inverse temperature [60], E, is the dopant activation energy,
Ry is a constant [63], Fy computed at 0 K, o and 8 are the characteristic fitting

parameters of a given material [62].

5.2.4 Unified model of Pgipge

Consider any number of identical series connected diodes. In this case the total
output voltage across the equivalent diode will be the sum of the voltages across each
of the identical series connected diodes. Furthermore, the current flowing through

each of the diodes must be equal. Its mathematical equation is described by (5.15),

(5.15)

V S_I SR SNS
J— {exp (Q( BPD BPDs{lds{Vd )) _ 1] ’

Ndsnbk’ﬂ
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where Vgpps is the voltage across the equivalent diode (V).
Now, consider any number of identical parallel-connected strings of diodes. Un-
der these circumstances, the voltage across each of the diodes must be the same.

Therefore, the parallel connected diodes can be modeled as follows:

Rys
q (VBPDp — Igppp ij

kuﬂ

) —1]. (5.16)

IBPDp = Ndp[b(] €xXp

Finally, since any number of identical parallel connected strings of diodes will

increase the output current, (5.15) can be rewritten as,

q (Vpdiode - Ipdiode Rds ]]\\;j;) 1
Nysnp kT, T

IPdiode = NdebO eXp (517)

which is an equation of a single BPD, in any size array, connected in series and in
parallel. Any size array of BPDs connected in series and in parallel is depicted in
Fig. 5.3(a), whereas its equivalent thermoelectric circuit is shown in Fig. 5.3(b).
The model expressed by (5.17), is considered a second building block termed Pgioge-
These values for the reference parameters can be obtained experimentally or can
also be extracted by following the procedure in [61] coupled with the manufacturer
datasheet.

Notice that the BPD junction temperature 7; is subjected to variations due to its
dissipated power Py, fluctuations in ambient temperature and characteristics of the
PV panel junction box. These junction box characteristics can include material, ge-
ometry and its specific location. The next subsection proposes an equivalent thermal

circuit that accounts for these variations.

5.2.5 Thermal model of the BPD junction box

This section details how the thermal model for the BPD junction box was devel-

oped. Factors taken into consideration include operating conditions, environmental
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Figure 5.3: (a) an array of BPD, (b) its equivalent thermoelectric model Pgiode-

conditions, the physical arrangement inside of the enclosure, dimensions of the en-
closure, and the materials that comprise these elements. This section highlights first
how the proposed model was developed, then how an independent experiment was
conducted and finally how the proposed model compares to the independent experi-

mental results.

Ta
2 " Roab Tb Rebair Tair Rgair Tc Recj | T
e [

Figure 5.4: Equivalent junction box thermal model.

5.2.5.1 Estimation of BPD 7Tj considering its junction box physical
properties and thermal effects

Modeling approaches for the conduction, convection, and radiation phenomena
are described in depth in [64]. These are considered in order to obtain a thermal model
for an equivalent BPD and its junction box. By taking into account the material of the
junction box and the air enclosed on it, equivalent conduction and convection thermal

resistances are modeled following the Fourier’s law and Newton’s law of cooling using
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the Rayleigh-Bénard procedure. Individual thermal resistances and corresponding
BPD losses are combined into an equivalent and simplified model depicted in Fig.
5.4. There, Ry, represents radiation and convection thermal resistance between the
junction box and the surrounding air. Rgpa; stands for conduction thermal resistance
of the junction box and Rg.; expresses a Rayleight—-Bénard equivalent thermal re-
sistance of the air enclosed in the box. Finally, Ry accounts for the junction-case
conduction thermal resistance. Now, with the summation of Rgay, Ropair, Reair and
Rocj we get Rgeq, which is the total thermal resistance between T, and T;j. However,
due to the calculations of T} involving non-linear relations, these cannot be performed
online. These non-linear relations include the buoyancy—driven flow of the air, heated
from different directions resulting in non-linear and chaotic dynamics, which must be
taken into account by the Rayleigh-Bénard procedure. To overcome this situation,
the BPD and junction box thermal model can be solved offline by using the numerical
solvers available in standard software platforms such as Matlab.

In this work, the proposed thermal model for BPD and junction box was imple-
mented on a Matlab script. First, operating ranges for ambient temperature Ty (k)
and dissipated power Py(k) was selected according to nominal operational conditions,
where k € {1,2..s} with s accounting for the number of step changes in 7, and Pj.
Second, the number of BPDs, their dimensions, and their thermal parameters were
considered. Third, junction box geometry, convection surfaces and the material’s
coefficient of conductivity were obtained. Fourth, T,(k), Py(k), along with the cal-
culated BPDs and junction box parameters were entered into a function where the
nonlinear thermal model shown in Fig. 5.4 is solved and the BPD junction tempera-
ture Tj(k) is obtained. Tj(k)=T,(k)+Pa(k) X {Roab (k) + Rovair (k) + Roair (k) +Rocj (k) }-
Fifth, the lookup table in row (k)=[T,(k), Pa(k), T;(k)] was updated. Six, this process
continues iterating until £ = s. In this work, the lookup table was generated offline.

The lookup table is storing 7; data, assuming a large PV plant has been built, and it
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is performing under nominal operating conditions. This lookup table will output T;
when fed by Py and 7T, during simulation time. An extraction of this lookup table is

shown in Table 5.1.
Table 5.1: Illustration of the lookup table

T, (°C) | Py (W) | T} (°C)
20 1.00 45.39
20 2.00 65.60
20 3.00 84.14
20 4.00 101.60
20 5.00 118.40
80 8.00 222.30
80 9.00 236.50
80 10.00 250.50

5.2.5.2 Estimation of BPD 7T; considering junction box experimental
results

To provide validation for the proposed model, the following is an independent
experimental approach to determine BPD junction temperature 7} by [65]. Here the
authors studied BPD reliability, when experiencing high temperatures and thermal
cycling under controlled testing conditions. Forward diode voltage Viq and case tem-
perature T, where experimentally measured. Additionally, the authors set a constant
diode forward current Iyg = 10 A for 1000 hours. With this, Py = Viq X Itq can be
easily estimated.

In order to utilize the experimental results of [65], to determine T}, the following
assumptions have been made: (i) the authors connected a bypass diode VT2045BP

package TO-220AC so that Rgje = 1.5 °C/W is known, (i7) junction box dimensions
71



_ | v Experimental 1\ v Experimental

300 A

z
52 |
5100 g

=

0.
D 0
0w P
Py (W) .

(a) (b)

Figure 5.5: (a) Comparison of experimental and proposed model values for 7}, (b)

nonlinear surface of Rygeq.

have been extracted from the information provided in [65], and (iii) average measured
values for Vi and T¢. have been used. Finally, T} experimental Can be approximated by

(5.18),

Tj,experimental = Tc,experimental + RjS X Pd,experimental- (518)

5.2.5.3 Comparison of modeled vs experimental results of BPD 7]

This section compares the adjusted proposed model to the experimental results
from [35]. Let Tj model Stand for the proposed approach, which is based on the BPDs’
junction box physical properties and thermal effects to estimate 7. Similarly, let
T} experimental Stand for real estimation of Tj, according to the setup presented in [35].
The surface of Fig. 5.5(a) shows the results of Tj 04 and the single highlighted
point shows the result of T} experimental. Here, making use of the standard software
platform Matlab, both approaches were compared. According to Fig. 5.5(a), both
approaches produced a similar estimation of 7;. Comparing just the operating point
of the experimental result gives Tj experimental = 146.73 °C and Tj yoder = 146.44 °C.

It is important to note that since our model is nonlinear, shown in Fig. 5.5(b),
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the thermal resistance Rgeq is a function of the operating point of the system (7, and

Py).

5.2.6 Model of Pyock

An equivalent circuit of an array of N x N, cells in parallel with an equivalent
circuit of an array of Ngs X Ng, BPD, can be modeled by including (5.17) into the
model proposed by [30]. It is a combination of the two previous building blocks Peep
and Pgiode- Its name is defined as Ppjoec and is depicted in Fig. 5.6. This approach

introduces a thermoelectric modular model representing a PV panel section.

°
Ele(citlilcal P Ipeen Ipgiae t IPecction
models
=9 Rao = = +
Psection
Ii,rr
+ /
t r’<¢ = '_><T 4 -
| [
X , ;e
| |
| | Y !
I=1I [eXp (NCZKkT) o 1] I'= NapIbo [exp (Nds?ﬂ:ij) N 1]

+Ta+G%AT Py=VI

T:Gexp (a+bVy) table T} models
@—

Figure 5.6: Proposed thermoelectric modular model of a PV panel section identified

as Phlock-
The total output current, as shown in Fig. 5.6, can be expressed as:

Ip + ]Pdiode’ (519)

section

=Ip

cell

where, Ip_, and Ip, ., , are defined by (5.1) and (5.17) respectively. Hence, (5.19)

cell
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can be reexpressed as a function of Ip__  and Vp_ . = as:
4 (VPction T UPrscrion = {Puioae) ITs)
]‘ ' :I/ . ]‘/ e section section diode S o 1 520
Psectlon r 0 |: Xp ( NCSHkT ( )
Vo .. Ip. . —1Ip R/
_ Psectlon + ( Psect,lon Pdlode) S _|_ Ipdiode’
RP
q (Vpsection - [Pdiode Rds ]J\\;:Z)
Ipy000 =NapToo | €xp 1

Ndsnkaj

5.2.7 Model of Pyapnel

Based on the presented approach, a complete PV panel is made up of a number of
series—connected PV sections Ng. The total output voltage across a single equivalent
BPD of a PV panel will be the aggregation of each voltage Vp,, , measured across
each single equivalent BPD standing for a PV section. It is assumed the whole PV
panel is subjected to the same G and T,. As a result, (5.17) can be rewritten as

follows:

q (Vppanel - Ipdiode Rds NSS ]]\\/[_::>
N, ss N, dsIlb kT}

]pdiode = NdebO exXp —1 y (521)

where Vp

panel

= NsVp,. ... is the voltage across the single equivalent BPD of a PV

panel. Moreover, let NgyTng, NesNgstip, and Rgs Ny be defined by I}, nj and R/,

85 Ngp

respectively. Thus, (5.21) can be rewritten as:

% —Ip, !
Ipdiode _ I];O [exp (q ( ,Ppanelrl/ k;dlode dS)) _ 1] . (522)
b™+)

Furthermore, (5.1) needs to be rewritten to take into account the total number
of sections Ny making up a PV panel. Hence, the output current of the any number

of cells comprised over a PV panel is calculated as:
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Ve +1Ip NyR'
I cell :Ii/I‘I‘ - I(/J [exp <q ( Ppanel pcell )> - 1] (523)
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Figure 5.7: Improved PV panel representation, named as Ppanel-

An improved representation, that can effectively characterize any number of
Phioeks conforming a PV panel, is depicted in Fig. 5.7, which in turn is termed

as Ppanel- As it is shown, the total output current can be obtained as:

IP = Ipoell _'_ IPdiode’ (524)

panel

where, Ip, . and Ip_, are defined by (5.22) and (5.23) respectively. Thus, (5.24) can

be rewritten as a function of Ip  , and Vp_ as follows:

anel anel
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q (VP anel T (IP nel ]Pdi d )NSSR/S)
_[ :I-/ . I/ pane pane ode o 1 2
Prpanel irr 0 [exp ( Nss Ncsnk‘T (5 5)

Vppanel + (Ippanel - Ipdiode)NssR/S
- N.. R + Ipi0a0;
SS D

q vppane - IP io eR, S
IPdiode :[{)0 [exp ( ( lrll de . d ) - 1 .
b™")

The mathematical expression indicated in (5.25), is an equivalent representation

of a PV panel Ppanet, which includes the effects of any number of series-connected

PV sections Pyiock-

5.2.8 Model of Pjray

A PV system is made up of both series and parallel connections of PV panels.
Whereas a series connected PV panel will increase the total output voltage, a par-
allel connected PV panel will increase the total output current. Thus, (5.22) and
(5.23) must be rewritten, since it is necessary to consider any number of PV panels
connected in series and in parallel. Let N,, and N, be defined as the number of
PV panels connected in parallel and series respectively. Since the total output cur-
rent is directly proportional to the number of PV panels connected in parallel, I/

rr?

= Npplins 15 = Npplo;

irrs

I}, Il, can be rewritten as a function of Ny, as follows: I
Illy = Nppli,. Similarly, n,’ and NgNen can be expressed as a function of Ny
as follows: n' = N NNesn; ny” = Nygny. Finally, NoR, Ny R, and R}  can be
rewritten as a function of the ratio between Ny and Ny, as: R = (Nps/Npp) Nss R;
R} = (Nps/Npp) Nss Ry, and Rj; = (Nps/Npp) Ry As a result, (5.25) can be rewritten

as in (5.26) and it is illustrated in Fig. 5.8.
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Figure 5.8: Equivalent circuit of N, X Ny, array of PV panels, named as Piyray-

This proposed thermoelectric circuital representation, known here as Piyray, is an
effective way to simplify the representation of a large PV plant. However, it assumes
that all the PV panels feature identical specifications and they are subjected to the

same T, and G [66].

5.3 Detailed validation
In order to validate the proposed model, the schematic of Fig. 5.8 is implemented
in Matlab—Simscape. The model’s performance is then matchmarked against the

Matlab—Simscape’s built—in PV panel simulation block, herein known as SPV. The
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five parameter model is used by SPV to represent any size PV system. For this
validation the PV panel Canadian Solar CS6X-325P was used for modeling both
Parray and SPV. The data sheet based representation of this PV panel is displayed in
Table 5.2. Then, following the procedure of [57], the five reference parameters listed
on Table 5.3 are computed.

Then, the ideality factor, diode series resistance and Schottky barrier height are
determined for the BPD LITEON Schottky diode 155Q045 used in the above men-
tioned Canadian Solar CS6X-325P. These variables were calculated following the
procedure from [60], [59] and [62] using the manufacturer datasheet. BPD reference
parameters are listed in Table 5.4.

Finally, four test cases are selected from numerous comparisons between Paray
and SPV panel representations. Those cases are detailed, compared and analyzed
in this section. It should be noted that the BPD Matlab-Simscape block requires
only two manufacturer datasheet parameters, which are resistance Rg, = 4.4 m{2
and forward voltage V; = 0.55 V. The desktop computer used to run these software
simulations has the following specs: Intel core i7-4770 CPU @ 3.40 GHz, 16 GB
RAM, Windows 10 Enterprise.

5.3.1 Case study I

For case study I, an SPV panel block is being compared against the proposed
representation Ppaner Which is based on the proposed model Ppioe. Here we test
the proposed model and the SPV panel block, five separate times, at five different
values for G' while holding constant the values for T, and V. [G; = 1000 W/m?,
Gy = 800 W/m?, G3 = 600 W/m? G, = 400 W/m? and G5 = 200 W/m?]. A
graphical representation of this case study appears in Fig. 5.9. Since the SPV panel
block only provides access to its positive and negative terminals, a string of three
series—connected BPDs are connected as illustrated in Fig. 5.9(a). Each BPD rep-

resents a real Canadian Solar PV panel partition Pyioek. Correspondingly, the Ppanel
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Table 5.2: Electrical and temperature parameters of PV panel Canadian Solar CS6X—

325P at STC

Parameter

datasheet value

Nominal maximum power P ..

Open circuit voltage Voo

Voltage at maximum power point Vyp
Temperature coefficient of Vo

Cells per module

Short circuit current Igc

Current at maximum power point Iyp

Temperature coefficient of Igc

325 W
455V

37.0 V
047 %/°C
72

0.34 A

8.78 A
0.053 %/°C

Table 5.3: Reference parameters of PV panel Canadian Solar CS6X-325P at STC

Reference parameter calculated value

J— 9.340121238592964 A

Lo ret 1.0450461712793198x 1078 A
R vt 3.607947269888581x 1073
Ry e 277.9976323858558 €2

Iyof 1.19337826241932

representation contains one BPD over each of the PV panels Pyocc as depicted in Fig.

5.9(b). Simulation results, of this case study, are shown in Fig. 5.10. These traces

are a good match and are able to accurately reproduce all five of the I-V curves of

the Canadian solar PV panel. To further verify the accuracy of our model, compared

to the SPV panel block, we have calculated the RMS error normalized to the mean of

the SPV panel block values. The error was obtained using (5.27) and the results are

shown in Table 5.5. As can be seen, the errors are all less that 1 %. It is important

to note that during case study I, no PS conditions are present.
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Table 5.4: Reference parameters of LITEON Schottky barrier diode 15SQ045

Reference parameter calculated value

1o 0.76207720
T, 80.9063881 K
Ry 0.00065000
E, 0.04400000 eV
E, 1.15570000 eV
a 0.00070210 <V /k
3 1108 K

Additionally, the resultant MPP during G; = 1000 W/m?, shown in Table 5.6,
is nearly identical to the specified P, of the Canadian Solar CS6X-325P PV panel
listed in Table 5.2.

The equation used to obtain the RMS,,.,, is given as:

noon_p2
RMSerror — %’\/Zk:l(ek ek) b <5'27)
n

where 6 is the mean of the SPV panel block result data set, 5k is our proposed

model data set and 6 is the SPV panel block result data set.
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Figure 5.9: Case study I: (a) SPV panel block, (b) Ppane based model.
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Figure 5.10: Case study I: SPV panel block and Pp,ane model I~V curves comparison

at different irradiance values.

Table 5.5: RMSeor in % between SPV panel block and Ppaner model

G (W/m?) | 1000 | 800 | 600 | 400 | 200

%

0.2352 | 0.2561 | 0.2883 | 0.3428 | 0.6855

Table 5.6: Case study I: simulation results

Model Power (W)

SPV,meivpe 324.81
,Ppanel,MPP 324.87
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5.3.2 Case study II

Case study II is a comparison of three series—connected SPV panel blocks and
three series connected Ppanel. Both of these representations include BPDs, following
the pattern specified in case study I. Considering PS conditions, each PV panel is
subjected to different values of irradiance [G; = 1000 W/m? G, = 700 W/m?,
G3 = 300 W/m?|, as indicated in Fig. 5.11 and a reduction in the power produced is
expected. The ambient temperature is kept equal to T, = 287.15 K and wind speed

w = 1 m/s. It can be seen that there is a mismatch between the traces depicted in
Fig. 5.12. Upon further investigation, it seems that the SPV panel block does not
include the heat transfer phenomena into the BPD junction box such as dissipated
power, radiation, convection and conduction. All of these factors impact the BPD
junction temperature when PS conditions are present. The deviations that can be
seen in Fig. 5.12 are accounted for by the thermal effects included in the proposed
model Ppanel. These thermal effects result in a power reduction of approximately 2.22

W, as indicated in Table 5.7.

_l_
Taa VW7 Gl Ta: VW; G].
a a

NNEiRY AN
Ta; VW7 G2 E Ta, VW; G2
a a
2| SPV NN
Ta: VW7 G3 E Ta7 VW; G3
a a
]| SPV NN

(a) SPV array (b) Ppanel array

Figure 5.11: Case study II: (a) SPV panel based array, (b) Ppane based array.

5.3.3 Case study III
For this third case study, an SPV array and the proposed representation of a

Parray are compared. Both configurations are comprised of an array of 9x10 PV
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Figure 5.12: Case study II: SPV panel based array and Ppane based array [~V curves
comparison including BPDs and PS.

Table 5.7: Case study II: simulation results

Model MPP (W)

SPVianevpp  430.6439
Ppanel,MPP 428.4288

panels. Three distinct sub—arrays are series—connected and are subjected to different
values of irradiance [G; = 1000 W/m?, Gy = 700 W/m?, G3 = 300 W/m?]. As in the
case study I, BPDs are connected to the PV panels. This case study is depicted in
Fig. 5.13 and the simulation results are shown in Fig. 5.14. It can be observed that
there is a mismatch between these traces. It seems that this mismatch is due to the

difference in the way each model accounts for the heat losses of the BPD junction box
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when PS conditions exist. Furthermore, according to Table 5.8, the proposed Pjiray
representation outperforms the SPV array when simulation times are compared. The
large savings in simulation time, meaning the Py, requires only 1.3 % of the time
in comparison to the SPV array, is a result of no aggregation being performed of the
BPD for the SPV array model. Lastly, consistent with case study II, an approximately
110 W reduction of power produced is shown. It seems the proposed model Pyyay

more accurately takes into account this power reduction for a Pyay experiencing the

effect of PS.
+ +
Tay VW) Gl / Nps:3 Ta, VW, Gl / Ncs:24
2 (SPVY [Npp=10 » Nep=1
~a array Ndszg ~a ,Parray Ngs=3
Ta7 VW) G2 E Ndp:]-o Ta, VW, G2 } Nps:3
2 SPV a Npp=10
§ array § Parray Nys=
Ta7 VW’ G3 E Ta, VW, G3 Ndp:1
a(SPV \: :
< X2 |Parray
array N _J
(a) string of three SPV array (b) string of three Parray blocks

Figure 5.13: Case study III: (a) SPV array, (b) Pamay model based.

Table 5.8: Case study III: simulation results

Model MPP (kW) Time (s)
SPVaraympp  12.919 3861
Parray,MPP 12.809 53

5.3.4 Case study IV

Case study IV is a variation of case study III. The difference here is that the
array of BPDs (Ngs = 9 x Ny, = 10) are linked over each series—connected SPV array
and are being aggregated into a single equivalent Matlab—Simscape BPD block. Also,

two modified parameters Vo, and Rgioeq are calculated according to (5.28) and are
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Figure 5.14: Case study III: SPV array and Pyyay model based -V curves comparison
including BPDs and PS.

entered into the single equivalent Matlab—Simscape BPD block. This case study IV
is depicted in Fig. 5.15. To verify the accuracy of the BPD aggregation and to be
consistent with case study III, Figures 5.14 and 5.16 are compared. It can be seen
that there is nearly a perfect match between the traces in these figures. Furthermore,
according to Tables 5.8 and 5.9, the MPP values calculated from their -V curves are
nearly the same. These results are then verified by comparing simulation run times,
indicated in Tables 5.8 and 5.9. Due to equation (5.28) allowing the aggregation of
any number of series and parallel connected BPDs into a single equation, a simulation

time savings of over 99 % is obtained.
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Figure 5.15: Case study IV: (a) SPV array, (b) Paway model based.

Table 5.9: Case study IV: results

Model MPP (kW) Time (s)
SPVarray,MPP 12.919 20
'Parra},’Mpp 12.852 52

5.4 Application example

In this section, an application example is detailed and implemented in PSCAD /EMTDC.
This includes the proposed thermoelectric modular model, partial shading modeling,
real data measurements of ambient temperature, cell temperature, and wind speed

and also a performance analysis of several MPPT algorithms proposed in [55].

5.4.1 Partial shading due to a cloud movement

A major challenge of PS is that while moving across a PV plant, clouds can evolve,
change shape and change direction. These constantly changing variables require a
complex model with no simple solution. Therefore, this investigation makes the

following set of assumptions. First, the clouds move at a constant speed, Vioud,
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Figure 5.16: Case study IV: SPV array and Pyay model based -V curves comparison
including BPDs and PS.

and in a direction that is in parallel with the PV plant. Second, the clouds will
neither change shape nor evolve. Finally, the clouds will be in the middle cloud level,
which is characterized by white or greyish large clouds that are able to blot out the
sun. Let Gp,Gsy,G3 be defined by the solar irradiance at the points shown in Fig.
5.17. Since the cloud moves at a constant speed and moves over the distance between

solar collectors d in time d/V¢joua, the following would hold for the irradiance at these

points [67]:

G3(t + Ajﬁcloud) = Gl (t)7 (529)

Gi(t) = Ga(t), (5.30)

Aij oud — . 31
P Y oud (5:31)
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Figure 5.17: Cloud moving across a PV plant.

In [68], this approach was utilized, moreover three sensors were located in different
positions to captured this effect, see [69] and references within. Notice, AT jouq can
be rewritten as a function of the distance d, the cloud height (k) and cloud’s speed

Viloua as follows:

(5.32)

ATy = (d + 0.009h) ’

Veloud
where 0.009% is the effective width of the sun at the cloud height [70]. This means
that the irradiance at any point within the area can be approximated by a time—
shifted irradiance data for one point location [67]. Even though the shaded section
temperature will be lower than the unshaded section, research has shown that such

a difference can be neglected [69].

5.4.2 Single-stage PV system

This section details a PSCAD/EMTDC simulation of a 455 kW grid-connected
single-stage PV power plant. As illustrated in Fig. 5.19, the realization includes the
proposed model, a VSI, a step up transformer and a Thévenin equivalent of the power
grid. The design of the various components is performed according to a typical “1000

V DC” architecture.
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Figure 5.18: Actual G, T, and Vi, profiles that were used during the simulation.

The PV array is constructed using 70 parallel-connected strings of 20 series—
connected Canadian Solar CS6X-325P PV modules. This PV array is implemented
based on the proposed Panay representation. A total of 10 parallel-connected south—
facing solar collectors are used. The optimal physical operating conditions for winter
season performance were then calculated according to [71]. This included optimizing
the distance between the solar collectors (16.3 m), the tilt angle (63.18°) and the
shading angle (25.42°).

The VSI switching frequency is chosen to be equal to Fy = 6 kHz, and the DC-link
capacitor is equal to 5000 uF. The filter inductor, capacitor and damping resistance
were selected to be L = 38.675 puH, Cf = 363.87 pF and Ry = 64.2 m{2 respectively.
The VSI control was computed following the guidelines in [55].

A step up transformer, rated at 600 kVA, with a transformation ratio of 270
V/12.47 kV and an impedance of 6 % is utilized. In addition, the Thévenin equivalent
of the power grid, rated at 100 MVA featuring 12.47 kV /60 Hz and a unity X/R ratio
is included.

To give this simulation further validity, real data of PV operating conditions were

also used. Over a period of 80 s, as shown in Fig. 5.18, G was sampled every 800
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Figure 5.19: Circuit schematic of the grid—connected single-stage PV plant.

ms while T, and V;, were recorded every 10 s. This PV operating condition data was
measured in Denver, Colorado, USA, on a partially cloudy day. Finally, the fixed
sampling period, for the iterative MPPT algorithms, was set to 0.2 s. Studies were
then performed on the MPPT algorithms reacting to constant V., moving from East
to West. It is assumed that the cloud will fully cover 70 parallel-connected strings
of one series—connected PV module at a time. AT,.q was found to be equal to 1.6
s at Vioud = 18 m/s and h = 3 km [72]. A solar irradiance of 762.731 W/m?  wind
speed of 3.082 m/s and the ambient temperature of 291.358 K was used to represent
a clear sky setting. These data measurements were collected by NREL, [73], in the
city of Denver on May 4, 2018, at 9:00 am. The simulation was run for 12 s under
clear sky conditions, to ensure each MPPT was able to reach its MPP.

The MPPT algorithms, used in this comparison study, are of the conventional

type and were chosen based on the paper published by [74]. That paper showed that
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large scale PV systems most commonly use the conventional perturb and observe
or incremental conductance MPPT techniques. The benefits of conventional MPPT
algorithms include their simplicity, required measurements, convergence speed, effec-
tiveness, cost, and comparatively low number of input parameters.

The main purpose of this simulation was to measure the actual extracted power.
Then a comparison was done on how far each MPPT algorithm was from the PV
panel’s optimal MPP. The comparison was made for not only power but also on

voltage measurements.

5.4.3 Simulation results

The overall performance of the MPPT algorithms is shown in Fig. 5.20. The
data demonstrates that the MPPT algorithms behaved poorly under PS conditions.
The normalized difference between the theoretical power at the MPP and the actual
extracted power (Diff) shows that none of the algorithms are able to perfectly track
the MPP during the whole simulation. This is reflected in the corresponding tracking
factors (TF), defined as the ratio between the actual amount of energy extracted
from the PV panel and the theoretically available power. All the algorithms have to
overcome several local maximum, in order to find the global maximum. The discrete
P-V curve shown in Fig. 5.21, exhibit multiple extrema behavior. As a result, the
actual extracted power might not be the optimal one. The results presented in Fig.
5.20, show that the algorithms are able to track the MPP in the 400 V to 500 V range
because the global maximum remains relatively constant as can be seen in Fig. 5.21.
However, the algorithms are trapped by a local maximum when the global maximum
starts to fluctuate moving from right to left. For this reason, Fig. 5.20 shows a gap
in the beginning and at the end of the simulation. It can also be seen that the TF of
NN based algorithm achieved the poorest performance, with a value of 95.43 %. This
is due to the fact that the NN based algorithm is not based on the proposed Pjray

model.
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5.5 Conclusions

This work proposed a thermoelectric modular model, that represents in detail
PV cells parallel-connected to BPDs. This model is comprised of two models, one
is of an equivalent array of PV cells No x N, identified as P and the other is
of an equivalent array of BPDs Ny x Ngp termed as Pgioge. When these building

blocks are then parallel-connected, an equivalent model for an array of PV cells and
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Figure 5.21: Performance of the MPPT algorithms at specific periods of time.

Table 5.10: Performance of conventional and enhanced MPPT algorithms

Algorithm | TF (%)
IC, 97.82
IC 98.23
P&O, 97.89
P&O 98.24
NN 95.43

an array of BPDs, Pyock, is obtained. Thus, a Ppaner can be modeled by connecting
in series Ny number of Ppoas. Also, an aggregation in series and in parallel of any
number of Ppanel, yields a PV array representation termed Papay. This proposed
model features modularity, simplicity, and ease of use on a unified framework. This
modified PV panel circuit can be easily implemented in simulation programs such as

PSCAD/EMTDC and Matlab—Simscape.

Validations of the proposed model Py, were detailed and analyzed in depth.
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Reference parameters for both the Canadian Solar CS6X-325P PV model and the
LITEON Schottky 15SQ045 were determined, following the methodologies highlighted
in recently published literature. From the validation results, the proposed Pjiray
seems to be accurate in determining the power produced by a PV system, all while
accounting for fluctuations in ambient temperature, junction temperature and wind
speed over the PV cells and BPDs. Moreover, it takes into account the thermal
effects of the BPD junction temperature, due to the heat transfer phenomena, such as
dissipated power, radiation, convection and conduction. These thermal effects reduce
the output power of a real-world PV system and the proposed model accurately
emulates this reduction. This proposed model was then carefully validated through
detailed Matlab—Simscape and PSCAD/EMTDC simulations. The close match of
the -V and P-V curves, during different test cases, demonstrated the reliability
and accuracy of the proposed model.

Lastly, a comparison study was implemented in PSCAD/EMTDC and then ana-
lyzed in depth. Several MPPT algorithms were compared, with respect to both power
and voltage measurements, as they performed in a 455 kW grid—connected single—
stage PV system. This PSCAD/EMTDC simulation included both the proposed
model Pyyay of the PV system and the effects of realistic PS cloud cover.

An area of further research is highlighted by the fact that none of the compared
MPPT algorithms were able to perfectly track the MPP under realistic PS condi-
tions. Due to the multiple extrema behavior of P-V curves; MPPT algorithms were

frequently trapped by local maximum, rather than finding the global maximum.
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CHAPTER 6
CONCLUDING REMARKS

In this chapter a list of contributions, research products, as well as conclusions

and future work are presented.

6.1 Contributions

Modeling and control approach in a unified two—frequency dq reference frame

for a Hexverter—based system

Proposal and assessment of a “virtual V3 controller” that dynamically accounts

for Hexverter’s active power losses, allowing to achieve active power balance on

the fly

Detailed assessment and validation of modulation strategies through total har-
monic distortion of synthesized voltages and currents out of computer simula-

tions developed in PSCAD/EMTDC software platform

Modeling of a thermoelectric modular model that is able to represent a PV
power plant of an arbitrary size capturing the details of all constituent PV cells

and bypass diodes through a single equivalent circuital representation

A novel thermal equation that yields bypass diodes’ junction temperature, in-
cluding the heat transfer phenomena into the junction box, due to dissipated

power, radiation, convection, and conduction

An application example of the proposed model comprising a comparative evalu-
ation of several maximum power point tracking algorithms, while operating on
a large grid—connected photovoltaic power plant, subjected to realistic partial

shading conditions
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6.2 Research products
e H. R. Robles—Campos, and F. Mancilla-David, “Selective Harmonic Elim-

ination for the Modular Multilevel Converter,” 2016 North American Power

Symposium (NAPS), Denver, Colorado, USA, Sep. 2016, pp. 1-6.

e H. R. Robles—Campos, and F. Mancilla-David, “A comparative evaluation of
modulation strategies for Hexverter—based Modular Multilevel Converters,”, In-
ternational Conference on Industrial Technology (ICIT) 2019, Melbourne, Aus-
tralia, Feb. 2019, pp. 1-6. This research product obtained the IEEE
Industrial Electronic Society “Student best paper award” in Aug,

2020.

e H. R. Robles—Campos, and F. Mancilla-David, “A control scheme in the
dq reference frame for Hexverter—based systems,” 2019 North American Power

Symposium (NAPS), Wichita, Kansas, USA, Oct. 2019, pp. 1-6.

e H. R. Robles—Campos, B. J. Azuaje-Berbeci, C. J. Scheller, A. Angulo, and
F. Mancilla—David, “Detailed modeling of large scale photovoltaic power plants
under partial shading conditions,”, Solar Energy, Volume 194, Pages 485-498,
Dec., 2019.

e H. R. Robles—Campos, and F. Mancilla-David, “Detailed Assessment of
Modulation Strategies for Hexverter—-Based Modular Multilevel Converters,”,

Energies, Volume 15, Mar., 2022.

6.3 Conclusions
In this dissertation, the operational principle of the direct AC-AC multilevel
power converter “Hexverter” was presented. The subsystems (i) branch current con-

trolled performing in a unified two—frequency dq framework, and (i) a proposed
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“virtual V% controller” were integrated to a multilevel power converter setup com-
posed of: (a) modulator, (b) voltage balancing algorithm and (¢) a Hexverter sys-
tem. The results obtained suggest the proposed control scheme is able to regulate the
Hexverter—based system under NLC and PD-SPWM modulation strategies. More-
over, an assessment of total harmonic distortion of AC three—phase voltages and
currents was thoroughly developed. It seems, NLC modulation strategy outperforms
PD-SPWM modulation technique. Be aware, all the THD values obtained out of
PSCAD/EMTDC simulations are compliant with international standards IEEE 519
2] and TEC61000-3-2 [3]. Validations of proposed “virtual V{ control” were pre-
sented. According to the results obtained, “virtual V& controller” was able to accu-
rately determine the active power loss of the Hexverter—based system. Furthermore,
by assessing AP values of both modulation techniques and under the scenarios of Test
Case I and II, nearest level control technique yielded superior efficiency. Experimental
validation of the analysis presented herein is currently under investigation.
Furthermore, since one of the goals of the presented dissertation is to help ad-
vance the integration of photovoltaic systems into the distribution grids by tackling
technical challenges this technology is facing. Some technical solutions were devel-
oped to help support the high penetration of photovoltaic systems, while improving
efficiency, reliability and power quality of distribution grids. This dissertation pro-
posed the modeling of a thermoelectric modular model that is able to represent a
PV power plant of an arbitrary size capturing the details of all constituent PV cells
and bypass diodes through a single equivalent circuital representation. In addition, a
novel thermal equation that yields bypass diodes’ junction temperature, including the
heat transfer phenomena into the junction box, due to dissipated power, radiation,
convection, and conduction was presented. In the end, an application example of
the proposed model comprising a comparative evaluation of several maximum power

point tracking algorithms, while operating on a large grid—connected photovoltaic
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power plant, subjected to realistic partial shading conditions was implemented. The
simulation was implemented in PSCAD/EMTDC, and includes the proposed model,
a VSI, a step up transformer and a Thévenin equivalent of a power grid, along with

real values of solar irradiance, ambient temperature, and wind speed measurements.

6.4 Future work

The presented dissertation opens up possibilities for future work. For instance,
experimental validation of the proposed control scheme and the assessment of some
other modulation techniques, such as, selective harmonic elimination and space vec-
tor modulation, when applied to the Hexverter—based system, offer the possibility to
develop an important study. In addition, an area of further research is the compari-
son of the proposed control approach against others control techniques designed for
multilevel power topologies and readily available in recent literature. The applica-
tion of a grid connected Hexverter—-based system to drive a wind energy conversion
system is an interesting study to be developed. Moreover, there is a lack of a sys-
tematic approach to design each of the Hexverter elements and subsystems in terms
of efficiency, costs, communication protocols between subsystems and its operational
range. Furthermore, the study of how the proposed control scheme performs under
unbalanced operational conditions, along with the proposed solutions to support its
correct functioning, is another important study to be developed. Regarding PV sys-
tems and highlighted by the fact that none of the compared MPPT algorithms were
able to perfectly track the MPP under realistic PS conditions. There is a significant
opportunity for the development of an MPPT algorithm able to find the global MPP
even if the PV system is under PS conditions. Furthermore, the study of integration
of smart PV inverters with battery energy storage systems is nowadays a trending

research topic.
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