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RESUMEN

En los sistemas de distribucion de energia eléctrica tipicos es comun encontrar cargas
de tipo monofasico. Sin embargo estos sistemas son generalmente desbalanceados,
debido a que la cargas son desigualmente distribuidas entre las fases, y distorsionados
por la gran demanda de cargas de tipo no lineal. El desbalance y la distorsiéon produce
efectos indeseables como son las componentes de secuencia negativa y cero. Por un
lado, la secuencia negativa causa un excesivo calentamiento en maquinas eléctricas,
saturacién en transformadores y un indeseable rizo en los rectificadores [1], [2], [3], [4].
Y por el otro lado, la secuencia cero produce una excesiva pérdida y dano en el con-
ductor neutro [3], [5]. Evidentemente, estos son efectos indeseables para los usuarios
comerciales e industriales. Los filtros activos trifasicos han surgido como una solucion
exitosa a este tipo de problemas. Los filtros activos estan disenados para compensar
potencia reactiva y distorsiéon arménica. Sin duda una de topologias mas utilizadas
es la de tres ramas con capacitor dividido para el inversor de fuente de voltaje, la
cual puede aminorar las componentes de secuencia cero de la corriente (corriente ho-
mopolar). Sin embargo, se considera que hasta ahora no se ha presentado un modelo
completo ni una clara explicacién acerca de como la corriente homopolar es compen-

sada.

En contraste con la mayoria de los controladores propuestos anteriormente, este
trabajo presenta un controlador para un filtro activo paralelo trifasico de cuatro hi-
los basado en el modelo del sistema, el filtro tiene una topologia de tres ramas de
capacitor dividido para el inversor de fuente de voltaje. El controlador esta enfocado
a compensar potencia reactiva y distorsién armoénica en el caso general de corrientes
de carga y voltaje de fuente distorsionados y desbalanceados. Ademaés el control es
capaz de compensar la componente homopolar de la corriente de carga debida prin-

cipalmente a la distorsion generada por las cargas conectadas entre lineas y neutro.
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En otras palabras, la corriente que fluye hacia la fuente por el neutro es consid-
erablemente reducida sin modificar la topologia. La clave para esta solucion es el
desarrollo de un modelo completo (en un esquema fijo) en términos de coordenadas
afy. Se le da una atencién especial a la componente homopolar (componente 7)
de la corriente de linea, el voltaje de linea y la entrada de control, la cual es muy
importante en el diseno del controlador. Los resultados experimentales son probados
en un prototipo de 2 KVA donde se muestran los beneficios de esta solucién. Cabe
mencionar que estos resultados fueron presentados en el “IEEE Power Electronics

Specialist Conference ” en junio del 2006 [6].
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ABSTRACT

It is well known that in a normal distribution systems a large amount of single-phase
loads are connected. Therefore, distribution systems are inherently unbalanced and
distorted due mainly to nonlinear loads unequally distributed between the phases.
The unbalance and distortion produce undesired negative and zero sequence current
components. On the one hand, the negative sequence causes excessive heating in ma-
chines, saturation of transformers and undesirable ripple in rectifiers [1], [2], [3], [4].
On the other hand, the zero sequence currents cause excessive power losses and even
damage in the neutral line [3], [5]. Evidently, this is an undesirable or unacceptable
situation for certain commercial and industrials users. Three phase active filters have
emerged as a successful solution for such issues. They are designed to compensate
reactive power and harmonic distortion. Perhaps the most appealing topology is the
one based on three-leg split-capacitor (TLSC) voltage source inverter (VSI), which
presumably compensates, in addition, the zero sequence (or homopolar) current com-
ponent. However, to the best of our knowledge, there was not a complete model nor
a clear comprehension about how the compensation process of the homopolar current

component is performed.

In contrast with most of the controllers proposed so far, this work presents a
model based controller for a three-phase four-wire shunt active filter, which uses a
three-leg split-capacitor topology to implement the VSI. The controller is aimed to
compensate reactive power and harmonic distortion in the general case of distorted
and unbalanced source voltages and load currents. In addition, the controller is
able to compensate for the homopolar component of the load current due mainly to
distorting loads connected between a phase and the neutral line. In other words, the
current flowing to the source via the neutral line can be considerably reduced and

without modifying the actual topology.
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Instrumental for our developments is the generation of a complete model in terms
of (fixed frame) affy-coordinates. Special attention is given to the homopolar com-
ponent (referred here also as the y-component) of the line current, source voltage and
control input, which are very important for the control design purpose. Experimental
results in a 2 kVA prototype are provided to illustrate the benefits of our solution.

This results was presented in the international congress PESC’06 [6].
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1. INTRODUCTION

A utility company is aimed to generate, transmit and distribute a voltage signal,
typically three-phase alternating current (AC). The conjunction of all these stages in
the process conform a power system as the one shown in Fig. 1.1. Roughly speaking,
the main objective of the utility company is to produce sinusoidal voltage signals,
one per phase, with a fairy constant amplitude and at a given fixed frequency (50
or 60 Hz). These voltage signals are delivered to the final users in the power grid
system. However, this objective is not easy to accomplish due mainly to the existence
of distorting loads. These loads, also referred as nonlinear loads, produce periodic
non sinusoidal currents composed of higher harmonics multiples of the fundamental
frequency (50 or 60 Hz). These distorted currents, also referred as harmonic currents,
represent a pollution to the electrical grid, and entail a series of issues such as distorted

voltages, which can adversely impact the system performance in different ways.

Figure 1.1 The generation, transmission and distribution stages in the power grid.



2 1. Introduction

The most typical connection in a distribution system is a three-phase delta-wye
system as the one shown in Fig. 1.2. Three-phase delta-delta systems are limited
to motor and heavy machinery loads. It is well known that most commercial and
industrial facilities use three phase power, where a large portion of them are wye
connected, as previously mentioned. Of special concern are the single-phase loads
equipped with rectifier front-end power supplies, e.g., electronic lighting ballasts,
appliances, personal computers, etc. When these loads are connected line to neutral
in a three phase wye-connected system, the returning current in the neutral conductor
can reach surprising levels, even in the load balanced condition. The combined current
of the three phases returning through the neutral wire is also known as homopolar
current. Traditionally, it is considered that if the loads on each phase are balanced,
then the return currents in the neutral wire will cancel each other and thus, the
neutral current will be zero. This, however, is not longer valid in case of distorting
loads, where as previously mentioned, currents can combine to produce a considerable
neutral current. And contrary to traditional thinking, efforts made to balance loads
on the three phases subject to high current distortion conditions, may even contribute
to increase the neutral current [7]. Moreover, as it will be shown in this work, the
traditional techniques aimed to compensate for harmonic distortion, also contribute to
increase the neutral current. Typical unfiltered single phase electronic loads produce
a large amount of 3rd harmonic, plus decreasing percentages of all higher order odd
harmonics. Of those harmonics, only the triplen harmonics (evenly divisible by 3),

i.e., 3th, 9th, 15th, etc. contribute to the neutral problem.

The generation of the neutral current from a distorting balanced load can be
easily explained from Fig. 1.3 [7]. Consider that the current waveform is typically
so narrow as to be “non-overlapping” on all three phases. This means that only one
phase of the three phase system carries current at any instant of time. Under these
circumstances, the only return path for each current is the neutral conductor. As a
result, the number of current pulses accumulated in the panel neutral is three times
that in the lines. The root mean square (RMS) current increase, from one to three

current pulses in a common time interval, which represents a 173%.

Excessive homopolar current entails several negative effects which are summarized

here:
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Figure 1.3 Third harmonic in a three phase four wire system.

> Excessive stress due to heating on transformers.

> Insulation breakdown on transformers.

> Lower operating efficiency and short life span on transformers.
> Acoustic noise on transformers.

> Overheating and damage of neutral conductor.

> Common noise voltage.



4 1. Introduction

To explain this problems, notice that the neutral current flows through the neu-
tral conductor to the three-phase transformer. It passes through the wye secondary,
and is coupled into the delta primary. The transformer theory shows that balanced
triplen harmonic currents can not pass out of a delta winding. Instead, they are
circulated within the winding and dissipated as heat. In other words, the primary
of the transformer is now carrying not only the phase current needed to the supply
secondary loads, but also the circulating homopolar currents. Thus, a transformer
that should, according to the loads being served, be lightly loaded, can actually be
reaching overload. These high currents are responsible for the transformer heating

and breaker tripping problems [8].

The active filters for three phase systems have been successfully developed to
compensate reactive power, unbalance and harmonic distortion, in the general case of
distorted and unbalanced source voltages and load currents, for the three-phase three-
wire systems. To somehow provide a solution for the homopolar problem different
modifications to the conventional topology have emerged ( [9], [2] and [5]). Of those
modifications, perhaps the most known are the three-leg split-capacitor (TLSC) and
the four-leg topologies shown in Fig. 1.4.

The TLSC topology shown in Fig. 1.4(a) is the most popular one because of
its lower number of power semiconductor devices [10] [11]. However, this topology
has some disadvantages mostly related with the dc capacitor voltage balance control,
which explains the oversize of capacitors. Several control strategies have been reported
for the split-capacitor topology like the dynamic hysteresis current control proposed
by [12] [13], space-vector-based current controlled in a7y coordinates proposed in [14],
the neural network technologies proposed in [15] or the strategies of instantaneous

power compensation proposed in [16].

The four-leg topology shown in Fig. 1.4(b) was proposed with the aim to increase
the controllability at the expense of increasing the semiconductor devices, in con-
trast to the split-capacitor topology. As expected, the modulation techniques are
more complex, and the computational load is also increased. Several solutions based
on three dimensional space vector modulation are proposed in [17], [18], [19]. An

interesting current hysteresis controller is also proposed in [20].
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Figure 1.4 (a) Three-leg split-capacitor, and (b) Four-leg full-bridge topologies.

Although three-phase four-wire active filters were introduced in the 1980’s [9] [12],
it has been observed that due to the richness of control paradigms encountered when
considering the neutral connection, still several efforts are carried out to better un-

derstand and control such systems.

This work presents a control solution for a three-phase four-wire shunt active filter,
which uses the TLSC topology. The design of the proposed controller is based on the
model of this topology. The controller is aimed to reduce the homopolar current
flowing in the line neutral wire, and simultaneously, to balance the voltage of both dc
side capacitors. Additionally the controller can compensate the reactive power and
harmonic distortion produced in the general case of distorted and unbalance source
voltage and load current. Instrumental in the developments is the consideration of the
special attention is given to the v component of the line current, source voltage and
control input, which were instrumental for the control design purpose. This controller
neither require a topology modification nor a complex modulation algorithm. In fact,
the only modification is at the level of control, whose structure is very close to that
of the conventional, except that it includes additional terms to finally accomplish
the complete objective with a formal justification. This perhaps represents one of
the main advantages of this work respect to other solutions. Finally, the proposed
control scheme has been implemented and tested in a 2 KVA prototype of a three-

phase four-wire shunt active filter and the experimental results are presented.



6 1. Introduction

This thesis report is organized as follows: In Chapter 2 the system description is
established. In particular, the system configuration, the mathematical model and the
control objective are explained. Chapter 3 presents, in a detailed form, the design of
the proposed controller. Chapter 4 describes the physical implementation of all stages
that conform the prototype of the three-phase four-wire active filter. In Chapter 5, the

experimental results are shown. Finally, Chapter 6 gives some concluding remarks.



2. SYSTEM DESCRIPTION

2.1 System model

The three-phase four-wire shunt active filter studied in this thesis is depicted in Fig.
2.1. This system is composed of a TLSC voltage source inverter (VSI). The VSI
is branched to the line via inductors of value L. Two capacitors C' in series are
connected on the dc-side. The point of connection between the two capacitors, also
referred as the neutral point, is connected to the fourth wire, which is also referred
indistinctly as neutral wire. This system array is working as a distribution static
compensator (D-Statcom) which is mainly designed to compensate reactive power,
unbalance and harmonic distortion in the line current due to a distorted load current.
In addition, the neutral point is connected to the fourth-wire to allow compensation of
the homopolar component of the load current. Switching and other losses are lumped
and modeled as unknown constant resistive elements R. In fact the same C' and R

have been considered for both capacitors.

The system parameters and variable are described next:

t) currents in the source line Vk € {1,2,3,0};

t) current produced by the load V& € {1,2,3,0};

ir(t)  compensating currents Vk € {1,2,3,0};

vsk(t) source voltages (referred to the neutral point “n”) Vk € {1,2,3,0};
ver(t)  capacitors voltages Vk € {1,2};

vr(t)  voltages at the input of the VSI (referred to “n”)Vk € {1,2,3};

L filter inductance;

C dc side (output) capacitance;

R resistive element due to losses.
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Non linear
load
iLl iL2 iL3 iLO VSI )
IRIRIEI [ ]
Va _ nmm_lﬁ_le}_l ==1Ve, 2R
I, — — b3
L v, 0
Ve, AN v,
| — A
C

Figure 2.1 Three-phase four-wire shunt active filter.

The modeling process is supported by Kirckoft’s laws and is obtained as follows.
First, the dynamics of the inductor currents is obtained from direct application of the
Kirchhoff’s Voltage Law (KVL). This gives the following set of equations

d .

Ugl(t) = Lazl(t)—i—vl(t) (21)
d .

vsalt) = Linlt) + ua(t) (2.2)
d .

vs3(t) = Lal3(t)+v3(t) (2.3)

The switch positions vector is defined as 6(t) = [61(¢),62(t),3(t)]" where each
component 0x(t)(Vk € {1,2,3}) takes values in the discrete set {0,1}. In this case
“0” means that the switch is “off” while “1” means that the switch is “on”. The
complement is given by §,(t) = 1 — &,(t) (Vk € {1,2,3}). From now on, the time
argument in all variables is eliminated to reduce the notation. Moreover, notations
10} 20) and (-) are used indistinctly to represent the time derivative of (+). Also,

dt
the matrices and vectors are highlighted with boldface characters to distinguish them
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from the scalar variables.

Notice that, if 5k =1 (6_k = O) then Vr = VUc1, while V. = — U2 for (Sk =0 ((ik = 1)
Vk € {1,2,3}. The voltage at the input of the VSI is given by

Vr = —(1 — 5k)vcg + 5kU01 (24)

Direct substitution of equation (2.4) in (2.1), (2.2) and (2.3) yields

d .
Vg1 = L%h — (1 = d1)ve2 + 61ven

d .
Vgo = Law — (1 = d2)vea + d2ven

Vg3 = L%i:s — (1 = d3)vee + d3v01

which in matrix notation can be rewritten as

1
d,
Vg = LEI — Vo2 1 + (UCI + UCQ) 0 (25)
1
where vg = [Ugl,vsg,vsgr is the vector of source voltages referred to “n”, i =

i1, 19,143 " is the vector of compensating currents and & = [§;, ds, d5] " is the vector of
g

switch positions.

Application of Kirchhoff’s current law (KCL) yields the following expressions rep-

resenting the dynamics of the capacitors voltages

ic1 = Oy + Oy + Ogis — “—JC; (2.6)
ico = Oyiy + iy + dgis — “—JC;

= (1 =8 i1 — (1= 8s)is— (1—53)7;3—”—22

= —ig + Oyiy + Oaiy + O3z — % (2.7)

where 19 = i1 + io + 23 has been used.

Summarizing, the complete dynamics of the three-phase four-wire shunt active
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filter is given by

1
L% = vetves | 1| = (ver +ve) 8 (2.8)
1
Ciey = 87— & (2.9)
R
Cicy = —ig+6" i— 2C2 (2.10)

R
where the relationships ic; = CU¢oq and ica = Cioe have been used.

The model composed by (2.8)-(2.10) belongs to the class of hybrid systems, where
the control, represented by vector &, takes values in a discrete set. However, the
control design in hybrid systems is much more involved than in continuous systems.
Therefore, in the present work it is assumed that the switching sequences are imple-
mented by means of a pulse width modulation (PWM) scheme switching at a rela-
tively high frequency (this is a common practice among most practitioners). Hence,
the control problem is reduced to design the vector of duty ratios to feed such a PWM
block. Based on these considerations, the vector of switch positions d, where each
entry takes values in the discrete set {0, 1}, is replaced by the vector of duty ratios,
where each entry takes values in the continuous range [0,1]. To avoid an extra defi-
nition, the same variable § is used to represent either the vector of switch positions

or the vector of duty ratios.

To facilitate the notation, it is convenient to consider the following transformation

. Vke{1,2,3} (2.11)

Notice that, if 6, € [0, 1] then uy € [—1,1].
Under the above consideration (2.4) can be rewritten as follows

1+ uy 1—u
(% = (Y — (%
k 9 C1 9 C2

1 1
= 5(1}01 — UCQ) + 5(1}01 + ch)uk, vk € {1, 2, 3} (212)
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Direct substitution of (2.11) in (2.8) yields

1
d., 1 1
Ld_l = Vg — 5(1)01 — 'ch) 1 — 5 (’UCl + UCQ) u (213)
1

The control input vector is now defined as u £ [uy, ug, us] .

Using (2.11) in (2.9)-(2.10) yields
) up +1Y . uy + 1Y . +1\. v
Cicn = (12 )Z1+( 22 )22+( 32 )13—%
. u+ 1Y\ . uy + 1Y\ . 1\ . ) )
CUCQ = (12 )Zl—l-( 22 )Zg—l-( k2 )23—%—20

The above equation can also be expressed as

<

£
+

u'i 1 v
Ciey = 77+§%_€§ (2.14)
Ts 1
Clocy = 25—5%—%5 (2.15)

where 179 = i1 + i + 73 has been used again.

Summarizing, the complete dynamics of the three-phase four-wire shunt active

filter is given by

1
12 1( )| 1 1( + ve2) (2.16)
—1 = Vg— = - - = u .
dt S B Vo1 — Vo2 5 Ve1 T Vo2
1
llTi 1 Vo1
o1 = —— 4 —ig — — 2.1
CUCl 9 -+ 2Z0 R ( 7)
uTi 1 Vo2
L I 2.1
C’ch 5 220 R ( 8)

2.1.1 'Transformation to af3y-coordinates

For the control design purpose, it is very convenient to express the resulting model
represented by (2.16)-(2.18) in terms of the (fixed frame) a/3y-coordinates. For this,

the conventional complete Clark transformation (see [21]) is used as follows.

—1
Xapy = Txabc y Xabe = T XaBy
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where x4, € R3 represents any vector in the original coordinates and x,3, its rep-
resentation in terms of afvy-coordinates. The transformation matrix used is given
by

1 -1 _1

of I

_ 3 3
T=y35] 0 % —%
11 1

2 Vi V2

with the following property T-! = T''. Notice that, the coordinate v corresponds
to the homopolar or zero component of the three phase signals. This component is
usually neglected, most of all in the three-wire cases, however, as will be shown later,
it is of special interest for the analysis and compensation of the homopolar component

of signals in the fourth-wire case.

Direct application of the Clark’s transformation to the inductor currents dynamics
(2.16) yields

0
d . V3 1

Lalaﬁ7 = VSaBy — 7(’(}01 — ?JCQ) 0 - § (Ucl + ch) Uagy (2.19)
1

For the control design purpose, it is convenient to split subsystem (2.19) in the

following two subsystems

d. 1
Lalag = Vgsag — 5(’001 + ch)uaﬁ (220)
d V3 1
LEZ7 = Vgy — 7(1}01 — Voa) — 5(1)01 + vee)u, (2.21)

Now, applying the Clark’s transformation to the capacitor voltages dynamics

yields
1 1. 1. (Yeil
Coer = é(T uaﬁv)TT 110457 + = 5 19 — ?
1 ul V3. v
T2 avaﬂﬁ?ff

Wherei,yz\/g(f/—lﬁ—i—z— )

In the similar way
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The following definitions are considered to further reduce the notation. Notice
that, they correspond to the sum and the difference between the capacitors voltages,
which are natural variables for the system description. This description is very useful

in the control design, as will be shown later.

A A
Ty =vVo1 Vo2 , Ty = Vo1 — Vo2

The dynamics of the sum and the difference of capacitor voltages, according to
the definitions above, are given by
Ty
R
Cis = V/3i,— % (2.23)

Ciy = Uy iapy — (2.22)

Moreover, with the idea of reducing the number of current sensors, it is proposed
to describe the system in terms of the source currents ig,g, instead of the inductor

currents ing,. For this purpose, the following relationship is considered

1506y = lragy T lapy (2.24)
which corresponds to the Clarke’s transformation of ig =iy + 1.

Direct substitution of (2.24) in (2.20)-(2.21) and (2.22)-(2.23) yields

d, 1 d,
LEISO{Q = Vgapg — §<$4)uag -+ LalLo{ﬁ
d V3 .
LEZS,y = VUgsy — 7([135) — §$4U7 + L£ZL’Y
. . . Ty
Cis = gy (isapy = irasy) — )
01'5 = \/g(lg7 — ZLw) — ES)

The model expressions can be further reduced by proposing the following change

of variables

Summarizing, after all the proposed change of variables, the complete model ex-
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pressed in terms of af3vy-coordinates is given by

d d
Laisaﬁ = VgaBg — €ap + LaiLaﬁ (225)
L < 5 ey + L—1 (2.26)
—1 = Vg, — —T5 — —1 .
dt ™" S T A
. . . 2z
024 = 2€gﬁ'y<15aﬁ’y — lLaﬁfy) — f (227)
Cis = V3(isy —in,)— 55 (2.28)
where €,3, has been split in
aB 2 ’ Y 2

Notice that, equation (2.25) and (2.27) have been decoupled from (2.26) and
(2.28). This allows to split the overall system in the following two subsystems.

Subsystem A

d. d.

Lalsaﬁ = VgaBg — €ap + LalLaﬁ (229)

. . . 2z : :
024 = 26;[5 (15(15 — lLaﬂ) — f + 287 (Zsfy — ZLV) (230)

Subsystem B
d. V3 d.

LEZS’Y = Usy — 7 (l’5) — &y + LEZL»Y (231)
Cis = V3 (isy —ir,) — % (2.32)

On the one hand, Subsystem A coincides with the model of the conventional three-
phase three-wire shunt active filter, except for the disturbance signal 2¢., (i5y — iz,) on
the right hand side of (2.30). As expected, the current dynamics is strongly connected
with the regulation of the capacitors voltages sum. On the other hand, Subsystem
B describes the extra dynamics, which is due to the existence of the fourth wire
connection on the system. Notice that, the current that flows on the fourth wire is
strongly related with the difference of the capacitors voltages. As both subsystems
are decoupled from one another, they can be treated separately, thus facilitating the

control design, as shown later.
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2.2 Control Objective

As in the conventional control for a three-phase three-wire system, a tracking and a
regulation objectives are established in Subsystem A. Then, for Subsystem B, two ad-
ditional objectives arise. First, to reduce the current (homopolar component) flowing
through the fourth wire, and second, to maintain the capacitors voltages difference as

close as possible to zero (in the average) to guarantee the capacitors voltage balance.

2.2.1 Current tracking

This objective consists in forcing the source current to track a reference proportional
to the source voltage only in the o and 3 components. In this way, the source perceives
the connection of both load and active filter as a simple resistance, thus guaranteing
a power factor (PF) close to one. The last with the additional advantages of low cost
transmission, energy quality improvement, stability, and so on. For the fulfillment
of this objective, the active filter should be able to inject the necessary current to
cancel the distortion caused by the load current. Mathematically, this objective can

be expressed as
isap = igap = gVsap (2.33)

where ¢ is a scalar, yet to be determined, that represents the scaled apparent con-

ductance observed by the voltage source.

2.2.2 Homopolar current compensation

One of the main contributions of this work is the introduction of a compensation
scheme to eliminate the homopolar component of the source current vector , that is,
to cancel the current flowing thought the fourth wire (neutral line). The current in
the neutral line is related with overheating and damage of the neutral conductors, as
well as the origin of higher common mode voltage, and so on. This objective can be

expressed formally as follows

isy — i, =0 (2.34)
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2.2.3 Capacitors voltage regulation

For the correct operation of the active filter, the sum of both capacitors voltages is
forced to maintain a constant value. This guarantees that enough energy is stored
in the capacitors for the correct accomplishment of the previous objectives. This

objective can be expressed as follows
Ty —xf=2Vy | oz — 2 =207 (2.35)

where V; is the reference constant value for each capacitor voltage.

2.2.4 Capacitors voltage balance

It is also necessary to guarantee that the difference between both capacitors voltages
approaches zero (in the average). The fulfillment of this objective, and the above
capacitors voltage regulation objective is necessary and sufficient to guarantee that
both capacitors reach the same voltage value (in average). This has the additional
advantages of producing symmetrical patterns in the VSI generated voltage and a

safe operation. Mathematically, this objective can be expressed as

xy —xr =0 (2.36)

2.3 Main Assumptions

Al. For the control design purpose, the parameters L, C' and R are all assumed
to be unknown constants, however the nominal values of these parameters are
necessary to tune the control parameter. In other words, although these para-
meters do not appear explicitly in the controller expressions, it is required to
know their nominal values for a first controller parameters tuning. A robustness
study with respect to parameters variations would be of a great interest, but it

is out of the scope of the present work.

A2. The fundamental frequency wy is consider a known constant.
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A3.

A4.

Ab.

A sufficiently high frequency is assumed to implement the switching control
sequence (using for instance a PWM scheme). After this assumption, as men-
tioned before, the vector of switch positions § can be replaced by the vector of
corresponding duty ratios which are continuous signals, thus facilitating enor-

mously the control design.

The load current ir,s and source voltage vg,s are assumed to be (indepen-
dently) unbalanced periodic signals that contain mainly odd harmonics of the
fundamental frequency wy. Therefore, these signals can be expressed in the

form of Fourier series as follows

Vsag = (eM0NV7 4 e TRty ) (2.37)
ker

iag = Y (™I} +e Moy ) (2.38)
ker

ookt _ ( cos(wokt) — sin(wokt) ) J— ( 0 —1 )
sin(wokt)  cos(wokt) ’ 1 0
where V[, V7,17, and I}, represent the k-th harmonic coefficient vector for
the positive and negative sequence representation of the load current and source
voltage, respectively. These coefficient vectors are assumed unknown constants

(or slowly varying). H = {1,3,5,7,11, ...} is the set of indexes of the harmonic

components considered for the compensation, in this case the odd harmonics.

Their time derivative can be explicitly obtained as follows

Voap = Jwg Y (eM0VP —e Moty ) (2.39)
keH

d

%iLaﬁ = JWOZ (ekaOtfik—e_kaotlgk) (240)
keH

According to the parameters used in practice for the design of these systems, the
source current dynamics represent by (2.25) and (2.26) in the system model, re-
spond considerably faster than the dynamics describing the capacitors voltages
(2.27) and (2.28). Therefore, the currents dynamics and the voltages dynamics
on each subsystem, either A or B, can be treated separately from each other,

thus, facilitating the control design even more.



18

2. System description




3. CONTROLLER DESIGN

3.1 Introduction

As established in the previous chapter, the overall system can be split in two subsys-
tems that are decoupled from one another. These subsystems are recalled here for

easy of reference.

Subsystem A

d . d,
Lalsw = Vsap —€ap T LEILC!B (3.1)
d . . 2z . .
CEZZ; = 26(7;5 (ISaﬁ — lLaﬂ) — f + 287 (ZSW — ZL'y) (32)
Periodic disturbance
Subsystem B
d . V3 d .
LEZSV = VUsy — 7 ([IZ’5) — &y + LEZL’Y (33)
d _ _ T
Cal‘g) = \/g(Zs’y — ZL'y) — Es (34)

Remark 3.1.1. [t is important to notice that subsystem A coincides with the descrip-
tion of the well known three-phase three-wire case, except for a periodic disturbance
entering in the z4 dynamics, whose effect is practically negligible, as z4 dynamics is
considered relatively slow. A solution for this problem has been presented in [22], and

will be revisited here for the sake of completeness.
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3.2 Subsystem A

Recall that, a first objective of subsystem A consists in the injection of the necessary
compensating current i,g(t) to the line to force the current ig,sz(t) to be proportional
to the line voltage vsas(t). This is equivalent to seek for a power factor (PF) close
to one. The solution presented in [22] consists in the construction of a control signal
u,s that cancels vgag, adds a damping term K (isas — ig,5) to reinforce stability,
and introduces a bank of resonant filters to compensate the harmonic disturbance.
A second objective of subsystem A consists in the regulation of the sum of both
capacitors x4 towards a voltage level 2V, or equivalently, to force z4 to reach a
constant reference 2V?, where Vj; represents the reference value for each capacitor.
The solution in [22] for this regulation objective consists in proposing a proportional
plus integral (PI) controller of limited bandwidth to reconstruct the scalar g. Recall
that, g is required to construct the reference ig,z. To limit the bandwidth of such a
PI, the proportional term is affected by a low pass filter (LPF) to reduce the effect

of the distortion present in z4.

According to the decoupling assumption A5, subsystem A can be split, as well, in
two parts, which can be treated separately. Hence, the controller for this subsystem
is composed of two loops, namely, inner (current) control loop and outer (voltage)

control loop, just as in the conventional controller.

3.2.1 Inner control loop

Consider the current dynamics (3.1). In the known parameters case, and according to
the energy shaping plus damping injection (ESDI) procedure proposed in [23], a copy
of subsystem (2.25) is performed. Then, the state igng is replaced by its reference
ig,s and, finally, a damping term is added. This yields the expression
d., d, :
LEISaﬁ = LEILQg — €up + VsSap + Kllgaﬁ (35)
where igag = igap — i*Saﬂ is the current tracking error, and K; a positive-definite

design matrix used to introduce the required damping.
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Solving (3.5) for €,4, the following controller can be proposed in the case of known
parameters
d

o d 7

Notice that, subsystem (3.1) in closed loop with the controller (3.6) yields the

following exponentially stable error model

d e e
Lﬁlsaﬁ = —Kjigap

that is, the controller (3.6) guarantees exponential tracking of ig,z toward the refer-

ok
ence ig,g.

The unknown parameter case

The previous solution is, however, not realizable as inductance L and the time deriva-
tives in (3.6) are unknown. To overcome this issue, it is proposed to lump together all
unknown periodic disturbances in a single vector, and to estimate this vector of peri-
odic disturbances by means of adaptation. The reconstruction of such a periodic term
can be considerably facilitated if it is assumed that this vector can be represented as

a sum of harmonic components, that is, appealing assumption A4.

In what follows, the expressions of the different periodic disturbances are de-
scribed, and then they are lumped in a single disturbance vector, as proposed above.

For this, the time derivative 4ig,; is computed based on (2.33) and (2.39) as follows

dig.s dvses .
7R Gy + 9Vsap
= D [e™ G+ gIho) Vi e (g — gTho) VE,] (37)
keH

Direct substitution of (2.40) and (3.7) in controller (3.6) yields

cas = = Y SVL(VE, + TRV, - TR, )
keH

=) e O (—gVE, + gTho VT, + Thol )
keH

+ Vsap + Kilgaep
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which can be reduced to

fop = — Z(ekaot(I’i +e Ity v+ KﬁSaﬁ (3.8)
=y,

where the harmonic coefficients have been lumped according to the following defini-

tions

! = L(gVig, + 9Tk Vi, — ThoTl )

[I>

Consider that ¢g (which is computed later in the voltage loop) is constructed in
such a way that, it converges very slowly towards a constant value. Therefore, its time
derivative ¢ can be practically neglected. As a result, the harmonic coefficients ®7
and ®} (k € H) can be considered almost constant vectors, or that vary very slowly.
Hence, an adaptation scheme can be used to reconstruct such harmonic coefficients,
which in their turn can be used to reconstruct the periodic disturbance. This is

explained next.

Based on the form of controller (3.8), the following controller that considers esti-

mates for the harmonic coefficients of the periodic disturbance is proposed

€ap = — Z (ekaot(i)Z + e—kaot‘i,Z) + Vsas + KliSa,@ (3.9)
keH

—

where the notation (-) represents the estimate of (-).

Subsystem (3.1) in closed loop with controller (3.9) yields the following error

dynamics
Liiw = (e™'D) + e TP — Kiigag (3.10)
dt
kEH
where ®, £ @Z — —®" = and ®, = @Z = —®) represent the parametric errors.

Now, following a Lyapunov approach [24], the adaptive laws to reconstruct the es-
timates @Z and @Z can be proposed. For this purpose, the following simple quadratic
function in terms of the square of the tracking and parametric errors is chosen, which

is evidently a positive—deﬁnite energy storage function.

H, = 1Sa515aﬁ + Z + (@)% (3.11)
kEH
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where 7, > 0 (k € H) are design parameters representing the adaptation gains.

Its time derivative along the trajectories of (3.10) is given by

. ~ ~ ~ ~ ~n 1 - Z . A

Hy = —Kiigosisap — iag p_ (€M) + e 08B )+~ —[(9)70] + (&) T®]]
keH ker Tk

(3.12)

Equation (3.12) is made negative semidefinite, i.e., it is forced to be non increasing

by proposing the following adaptive laws

) = —pe Mgy  keH (3.13)
7 = —pe T, | keM (3.14)

where i'i = ®” and P = ®7 (k € H), as ®° and P} are considered constants.

The time derivative (3.12) is thus reduced to

. STOT

Since H; is radially unbounded, and. H1 < 0 then igag € Lo Lo, i)i € E?o and
@Z € L, for every k € H. From (3.10) igag € L. Now, since igag € L and igag €
Lo, then is,lg is uniformly continuous, which together with the fact that isag € Ly
imply that isaﬁ — 0 asymptotically. Out of this @z and <i>: equal constant vectors
Vk € H. However, for igas = 0 and from (3.10) 3, o, (e7F0'®] + e~ Theotd) = 0, it

is clear that the only possible solution is @i — 0 and @Z — 0.

+Jwkt

To avoid the cumbersome rotations of the form e appearing in the controller

above proposed, the following transformations are considered

—Juwokt (i)i’
k

b, = —me . keH
b, = -’ kD, | keH

Out of these transformations, the inner loop controller can be rewritten as

€ap = ) (p + Dp) + Vsas + Kilsag (3.15)
keH
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with adaptive laws (3.13) and (3.14) now transformed to

B = isap — Jhwod, , keH (3.16)
br = Ysap — Tkwot, . ke (3.17)

Writing the dynamical part of the controller above in its transfer function form,

and defining q?)aﬁ = (é&i + éSZ), q?)aﬂ € R?, the following expressions are obtained

€ap = Z (&)k,aﬁ) + Vsap + Kiisas (3.18)
kEH
gl 2s ¢
Prop = ml&xﬁ , keH (3.19)

where s represents the Laplace complex variable.

Remark 3.2.1. Notice that, the resulting controller includes a bank of resonant fil-
ters, each of them tuned at the frequency of the selected harmonic component to be

compensated [25].

3.2.2  Outer control loop

For the solution of the voltage regulation loop, the dynamics (3.2) is considered. It

is recalled here below for the sake of easy of reference.

. . . 224 . .
024 = 2€lﬁ (lsaﬁ — lLaﬂ) — E + 257 (Zs,y — ZL'y)
—————

Periodic disturbance

2
Ty

. A A
where, as previously defined 2, = 3}, and z4 = ve1 + veo.

The main objective of this outer control loop consists in regulating the dc com-
ponent of z4 towards a predefined constant reference 2V, (Vj is taken as a reference
for each capacitor). Notice, however, that due to the transformation, this control
objective has been translated to force the dc component of z; to reach a constant

value 2V7.

According to the decoupling assumption A5, it is assumed that the current dy-

namics are much faster than the voltage dynamics. Hence, it can be assumed that,
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after a relatively short time, the source current is practically tracking its reference,

that is, isap = i5as = gVsap a0d @ o5 = Oy 45-

Under these assumptions, making a direct substitution of control (3.18) in the

dynamics (3.2), and after some simple manipulations the following expressions are

obtained
d [ 5 e . . 2z . .
Coa = 2 Y (Prap) + Vsap + KllSaﬁ] (isap — iLap) — f + 26, (isy — iLy)
Lren
E:g

I . 224 . .

= 2| (Prap) + Vsas | (9Vsas — iras) — = T 2e,(isy —iLy)
LkeH

= g(QVga,B Z (¢k,o¢ﬁ) + 2V—|S—a,BVSOzB) - 2iza,8 Z(¢k,aﬁ) - 212045‘,5045

keH keH

22’4

"R + 26, (isy — iLy)
Remark 3.2.2. [t is clear that, as a result of the harmonic distortion compensation,
and due to the charging mechanism for the capacitors, the resulting capacitor voltage
will be naturally and unavoidable polluted by high order harmonics in the form of
a relatively small ripple. The compensation of this ripple if out of the scope of the
present work. The requlation objective is thus limited to requlate the mean value of the
capacitor voltage towards a constant reference, while maintaining the ripple bounded

and as small as possible.

As this control loop is focused on the regulation of the dc component of zy, it is
proposed to extract such a dc component applying the following average function,

which filters out the high order harmonic component from the system variables.

The following expression is obtained after application of the averaging operation

. 27
Céy = ger — % + e (3.20)
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where z4 = 24 — 2}, 2 = and z, = 24, an e constants ¢; and ¢y are given
h ¥, 25 =V2/2 and d th tant d b

G = <2V:S'ra,8 Z (¢k,a,8) + ZV;'raﬁVSa,B)O

keH

T T Vi

G2 = <21Laﬁ Z(¢k,aﬁ) + 21LaﬁVSaﬂ - 257(1&1 - ZL7>>0 Y
keH

which are assumed to be unknown.

Remark 3.2.3. Notice that, in normal operation |vg,s > ey (Dras)l << [0545V50a8]

therefore ¢, > 0. Indeed ¢y = (v§,5V5a8)0 = V& pars

The system (3.20) is a first-order linear time invariant (LTT) system, with output
Z4, the signal g is the control input affected by the positive constant c¢;, and the
unknown constant signal ¢y as a constant perturbation. The control design of this
“outer loop” should include a damping term to reinforce the asymptotic stability
for the closed loop system, and should incorporate robustness to reject parametric
uncertainties. In this case, a simple proportional plus integral (PI) controller can

solve the problem since the perturbation is simply an unknown constant.

Remark 3.2.4. [t is proposed to substitute the proportional of PI controller by a
low-pass filter since the direct use of Z4 could introduce more harmonics distortion in

the computation of g which would be reinjected to the system by means of z'*M.

The proposed controller is given by

k; .

2 il 5 Pl -

v = ——24— z 3.21
S,rRMSY s A s+ 1 4 ( )
where k7, kj; and 7y are positive design parameters. Notice that, this error of the

squares can be expressed as Z4 = £ (x4 +2Vy) (24 — 2V,). Assuming that z, is bounded
away from zero and close to 2V, then the error can be approximated with z, =
2Vy(x4 —2V,), and thus, a simpler form of the voltage regulation loop can be obtained
as follows
ki
s 4 71s+1
where 7, = (z4—2V}), and the design parameters are related according to k;; = 2Vkl,
and ky = 2Vgk,, .

The block diagram of the controller for subsystem A is shown in Fig. 3.1.

Ve RMsd = T4 (3.22)
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Figure 3.1 Block Diagram of the control ( Subsystem A).

3.3 Subsystem B

Subsystem B describes the dynamics of the homopolar component of the source cur-
rent and the dynamic of the capacitor voltages difference. These equations are recalled

here below for easy of reference.

d V3 d
L—i = Vg, — — (x5) — e, + L—i 3.23
dt Sy Sy 9 ( 5) v dt Ly ( )
N——
harmonic distortion
d . X5 .
O—I5 - \/§157 —_ - — \/glL,y (324)
dt R ——

harmonic distortion

Notice that, this is a controllable second order system perturbed by a certain
offset (perhaps due to measurements errors) plus harmonic distortion appearing in

both rows of the subsystem B.

The following controller that cancels vg,, adds a damping term of the form ksig,
and includes a term ¥ related with the rejection of the harmonic distortion is proposed.

Notice, also it is included a proportional term in x5 of limited bandwidth to reduce
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the reinjection of more distortion appearing in xs
£y = Vg + kpaXs + kaisy + 0 (3.25)

T2X5 = 5 — X5 (3.26)
where ky and k, are the proportional gains and 73 is the time constant of the LPF.

Remark 3.3.1. As before, appealing assumption A4, it is considered that the v co-
ordinate of load current i is a periodic signal containing higher harmonics of the

fundamental frequency wg, and thus it can be represented as the following sum

iy = Z p;Im

meHs

where p,, is a rotation vector of the form

= < cos(muwot) ) (3.27)

sin(mwot)

P = ()’
I, € R? represents a vector of the m-th harmonic coefficients, all load current har-
monic coefficients vectors I,, are assumed to be unknown constants, and Ho is the
set of the selected harmonics indices, i.e., m € Hy = {1,3,5,7,9,...}. Based on this

assumption, the time derivative of ir, can be explicitly represented as follows

d . 0 —1
EzLy:—WOZmp;JIm , J:<1 O)

meHs

The state-space representation of controller (3.25) and (3.26) in closed loop with
the subsystems (3.3) and (3.4) gives the following dynamics

o= £ % o0 zs |+l 0| o+ 0 -2 ,
. 1 1 ZL7
X5 0 N — X5 0 0 0

(3.28)

where, according to remark 3.3.1,

d . :
U= Ly =—w Y mppd I iy =) puln

meEHo meHa2

are considered two periodic disturbances.
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3.3.1 Unperturbed System

Following a classical tools such as the Routh-Hurwitz criterion [26], it is easy to see
that the equilibrium point of the unperturbed system given by [is., 5, X5] ' = [0,0,0]"
is stable provided if the following inequality is fulfilled
C 37’2 k% C
ko | — + — —— > V3k 3.29
2(72+2L)+L Vak (3.29)

where ky and kpp are chosen positive.

3.3.2 Disturbance Rejection

As previously mentioned, the space-state representation given by (3.28) collects the
dynamics (3.3) and (3.4) in closed loop with the proposed controller (3.25), where ¢
appears as the new control input, and % and 47, represent two disturbances. This
problem can be formulated as a disturbance rejection problem, where unfortunately,
the system does not fulfills the matching condition [27], and thus, it is not possible
to reject the disturbances effect on the full state. Notice that, the dynamical system
(3.28) has harmonic disturbance in both rows, while the control input appears only in
the first row. Therefore, the controller proposed here gives priority to the disturbance
rejection in ig,, that is, the controller (3.37) must be able to drive ig, towards zero,
while maintaining the state x5 as close as possible to zero and only in average, the
last means that, a certain amount of ripple and perhaps an imperceptible offset in x5
are allowed.

The problem is now reduced to compute 9 to reject the disturbances affecting this
system. To facilitate the design of the control signal gzg, it is convenient to define the

following transformations
Ts = Ts+ ¢
X5 = X5+ ¥2

where ¢, and g are two periodic bounded signals constructed according to the fol-

lowing stable filter

Cor = \/giL'y_%

ToPs = ©1— P2
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Direct substitution of above expression in 3.28 yields the following system

di 33 .

dis, _ V3T kisy — kpaXs + 0 — 0 (3.30)
dt 2

Cis = V3ig, — % (3.31)

X5 = T5— Xs (3.32)

where ¥ = (¢ + ‘/73% + kpop2) is a term that concentrates all periodic disturbances.
This disturbance term appears only in the first row, and has the same harmonic

contents as iz,. The transfer function from (¢ — ngS) to ig, is given by
isy = G(s)(0) — D) (3.33)

(s+ a5)(s + 71—2)
\/gka
(s+ %) s+ 7a)(s+ 1)+ 5ia(s + 2) + 57
where s represents the Laplace complex variable. Notice that, the transfer function
G(s) is stable provided condition (3.29) is fulfilled. It is proposed to build the control

G(s) =

input V as follows

~

9 = C(s)is, (3.34)

where C/(s) is a transfer function representation of the controller. The design of C'(s)
is based on the Internal Model Principle [28], which states that the controlled output
can reject (track) a class of disturbance (reference commands) without a steady error
if the generator (or the model) of the disturbance (reference) is included in the stable
closed-loop system. It is well known that the generator of a sinusoidal signal is a
harmonic oscillator (resonant filter). Hence, if a periodic reference has an infinite
Fourier series (of harmonic components), then an infinite number of resonant filters
are required to reject (track) such disturbance (reference), that is, ig, goes to zero
if C(s) include the same harmonic content of the disturbances. This motivates the
form of the controller presented below
Os)= 3 5w (3.35)
et S + mwyg
where A, is a positive design parameter. In effect, direct substitution of (3.34) in the
expression (3.33), and solving for ig, yields
G(s)

igy = mﬁ (3.36)
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where it is clear that, the poles of the m-th resonant filter in (3.35) become imaginary
conjugate zeros in the transfer function (3.36), thus cancelling the corresponding m-th

harmonic component of the disturbance 4.

Remark 3.3.2. [t is also important to remark that, although it has been somehow
assumed that both disturbances iy, and 1) have the same harmonic contents, this is not
strictly necessary, in fact, to fulfill the disturbance rejection objective it is necessary
to have a resonant filter for all the harmonic components under consideration coming

from either disturbance.

To have an insight of the structure selected for the harmonic compensation scheme
(3.35), it is assumed that the current dynamics is faster than the capacitor voltage
dynamics, which follows from the decoupling assumption. Therefore, it is proposed
to compute ) taking into account the dynamics of ig, only, and considering both
x5 and x5 as composed of a vanishing perturbation term plus a negligible harmonic
disturbance term. Moreover, consider that, the periodic disturbance and the control
signal can be rewritten as 0 =, pl W, and 0= D meHs p:n\i’m, respectively,
with p,, as defined in (3.27), ¥,, unknown constant vectors, and U, representing
their corresponding estimates to be constructed later. Consider that, controller (3.25)

has the following form

€y = Ugy + kp2X5 + inSry + Z p;\i’m (337)

meHs

where the control signal has been rewritten as 1) = > meHs pl W, with ®,, represent-
ing a control vector, yet to be defined. Subsystem (3.23) in closed loop with controller

(3.37) yields the following error dynamics

d . .
Lisy = —hsisy - > pn T te (3.38)

meH2

A

where it was defined ¥,, £ (¥, —¥,,), m € Hy, and ¢ = (_\/Tg% — kpoxs) is a

vanishing perturbation.

Next, following the Lyapunov approach [24], the adaptive laws are derived to

reconstruct the vector parameter W,,, and thus, to force v, — 0 (m € Hy). For this
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reason, the following positive-definite storage function is proposed
L, 1 =72
Vi=Zis+ ) s
meHy

where \,, (m € Hs) are positive design constants which represent the adaptation

gains. Its time derivative along the trajectories of (3.38) is given by

. ~ 1 2+ ~
Vi=—kaidy —isy O ppTm+ > )\—\P;\Ilm + igyes (3.39)

meHo2 meHs2

the following adaptive laws can be proposed

[ )\migvpm , m € Hy (340)

where ¥, = W, since ¥, is assumed constant. To avoid the cumbersome rotations,

the following transformations (rotations) are proposed

b = Py (3.41)
b = ppd¥, , meH, (3.42)

Out of which, the adaptation laws can be rewritten as

QZm - AmiSv_mWOém (343)
b = mwoh, , meH, (3.44)

which can be written in the form of transfer function as

- AmS .
U = —52 n m2w(2] sy , ME Ho (345>
and thus,
N AmS .
9= Z m?,g»y (346)
meH2

Finally, direct substitution of (3.46) in control (3.25) yields

ey = Usy+ kpXs + kaisy + Y s, (3.47)
0

meH2
ToXs = T5— X5 (3.48)



3.3. Subsystem B 33

Summarizing, the final expressions for the overall controller, including the current
tracking loop, the homopolar current compensation, and voltage regulation and bal-

ance loops are given by

2e 2e
Uap = o Uy = —
Ty Xy
27’68 < v
€ag = Z —82+k2w215aﬂ+VSaﬁ+Kllsaﬂ
keH
isasg = lisap —igap
— k ki A
€y = Ugy + KpaXs5 + Rolsy + Z mlsf},
meEHo2
ToXs = T5— X5
ki~ kpa ~
= ——Z— zZ
g S 4 s b 4
Zy = 2Vi—2z
L2 U
4 2

a