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Abstract: This paper addresses the voltage imbalance problem of the dc-link capacitors in
multilevel power converters. Considering the five-level diode-clamped converter, a mathematical
analysis of the capacitor voltage difference dynamics is carried out. It leads to a new problem
statement that relates the voltage balancing objective to a problem of ensuring the practical
stability of a nonlinear system in the presence of disturbances. Then, exploiting the properties
and knowledge of the disturbance patterns, a novel and simple controller is presented. Simulation
results are included to validate the performance of the proposed controller.

1. INTRODUCTION

Since the topology of the diode-clamped converter (DCC),
also known as neutral-point-clamped converter, was pro-
posed in the early 80’s by Nabae et al. [1981], multilevel
power converters are being increasingly employed in the
industry, mainly in high-power applications (Kouro et al.
[2010]). Bi-directional power flow, near sinusoidal currents
and high efficiency are some of the attractive features that
these power conversion systems present.

Each phase of a multilevel converter can generate more
that two different voltage levels. Thus, compared with
the conventional two-level converter, the generated volt-
ages have more possible steps to approach the sinusoidal
waveforms, reducing in this way the harmonic distortion
(Rodriguez et al. [2009]). Nevertheless, the increase of
the number of voltage levels leads to a higher complexity
of the converter structure. Moreover, additional dc-link
capacitors are also required in some topologies such as
the DCC. Concerning these capacitors, the balancing of
their voltages according to an operating point is one of the
mayor technical challenges of the multilevel converters.

The phenomenon of the dc-link capacitor voltage imbal-
ance, besides deteriorating the performance of the system,
can even cause the operational failure of the converter.
Focusing on the five-level DCC, topology considered in this
paper and illustrated in Fig. 1, the capacitor voltages tend
to rise or fall in an uncontrolled way due to the different ca-
pacitor charging times during instantaneous active power
transfers. Besides, considering conventional modulation
techniques, this converter presents some theoretical and
practical limits (Marchesoni and Tenca [2001], Saeedifard
et al. [2007]), for which an equal capacitor voltage sharing
is not possible in all the operating conditions.

To overcome the problem, several approaches have been
considered in the last years. Most of them include addi-
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Fig. 1. Circuit of a five-level diode-clamped converter.

tional power hardware (Shu et al. [2013], Shukla et al.
[2008]), representing a significant increase in the converter
cost. Others are based on the use of non-conventional
modulation strategies to guarantee the capacitor voltage
balancing (Saeedifard et al. [2009], Busquets-Monge et al.
[2008]) and require higher computational time.

This paper studies the voltage imbalance problem, based
on a model of the five-level DCC, carrying out a mathe-
matical analysis of the capacitor voltage difference dynam-
ics. Considering some practical assumptions, the analysis
leads to an approximated model that contains several
sinusoidal functions of time. These functions are treated
as periodic disturbances produced by some external gen-
erator. In this manner, it is shown that the problem of
the capacitor voltage imbalance can be addressed as a
problem of ensuring the regulation of the variables of a
nonlinear system subject to exogenous disturbances. Then,
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Fig. 2. Schematic diagram of the five-level diode-clamped
converter working as a rectifier.

a novel voltage balance controller based on the preliminary
analysis worked out is presented. The salient feature of the
proposed controller is that it enables voltage balancing
with no requirements for auxiliary circuitry, and with
reduced computational cost as well.

The outline of the paper is the following. In Section 2,
the model of the five-level DCC is described. Afterwards,
the control objective addressed in this paper is stated
in Section 3. Section 4 is devoted to the analysis of the
converter dynamics, while the design and implementation
of the proposed controller is shown in Section 5. The
simulation results obtained applying the proposed control
law are discussed in Section 6. Finally, some conclusions
are drawn in Section 7.

2. MODEL OF THE CONVERTER

The rectifier operation mode of the five-level DCC is the
setup considered in this paper. Figure 2 shows a schematic
diagram of this configuration, whose primary application is
to derive dc power from an ac source or from the grid. The
dc link is composed of capacitors C1, Cy, C5 and Cy, all
of identical capacitance C. Their voltages are represented
by Vey, Vey, Vey and vg,, respectively. The phase currents
are denoted by 74, i and 7., and the phase voltages are
defined by vy, vsp and vge.

In order to describe the converter dynamics, the model
of the DCC presented in Portillo et al. [2005] is adopted.
This model describes, in 87y orthogonal coordinates, the
dynamics of the phase currents and of the total dc-link
voltage, as well as those of the dc-link capacitor voltage
differences. For this purpose, the voltage differences

Vdy = Vep = VUey (1)
Vdy = Vep = Ve (2)
Vdy = Ucg = Uy, (3)

are introduced in the modeling process. Notice that, in this
continuous model, the control inputs are defined by d,, 03
and 0. They represent the averaged values in a switch-
ing period of the gating signals of the converter power
switches. In addition, the phase currents are transformed
into i, and ig, and the phase voltages into v, and vg.

Focusing on the variation over the time of the voltage
difference variables, when some terms present in the model
are grouped, the following expressions are derived
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Fig. 3. Practically stable system with respect to parame-
ters a and b.

dv,
d—;ll = 91385 + 9126 + 91165 + g0 (4)
Dds gy 6 4 422 82 + gon 6
ar 92805 T 92205+ 9210y + 920 (5)
dvds _ 3 2

¢ a9 05 + g2 65 + g31 0+ + gso. (6)

where g¢;; for ¢ = 1, 2, 3, and j = 0, 1, 2, 3, are
nonlinear functions. These complicated functions depend
on the phase currents and on the control inputs d, and 3.
Therefore,

9i; = Gij(la,i8,0a,08), (7)

fori=1,2,3,and j = 0, 1, 2, 3. The exact expressions
of these functions can be consulted in Portillo et al. [2005]
and are omitted in this paper for brevity.

3. CONTROL OBJECTIVE: PRACTICAL STABILITY

With the purpose of coping with the voltage imbalance
problem of the dc-link capacitors, the following control
objective defined in relation to the voltage difference
variables (1)-(3) is stated:

1. The voltage difference variables vq, , vq4, and v4, should
be regulated to avoid the uncontrolled rise or fall of the
dc-link capacitor voltages.

This control objective is related to the practical stability
of the system, concept introduced by Lasalle and Lefschetz
[1961] and also referred to as ultimate boundedness. Note
that the control objective can be addressed as a problem of
assuring that the response of the system to given stimuli is
contained within certain specified bounds. In other words,
variables vq,, v4, and vq, should be controlled, remaining
within a domain defined by a ball centered at zero, Vt.

Definition 1. A system is said to be practically stable
if there exist positive constants b and ¢, independent of
t, > 0, and for every a € (0, ¢), there is Ty = Top(a,b) > 0,
independent of ¢,, such that

lz(t) | <a = |le@) [ <b,  VE=t,+ T, (8)
where x € R"” is the state of the system. Figure 3 illustrates
this type of stability in terms of trajectory behavior.

Nonetheless, other control requirements of the system
should be also fulfilled. Thereby, the instantaneous active
and reactive powers, denoted by p and ¢, respectively, and
defined in a three-phase circuit by
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p =
q =

Vala + U,@iﬂ (9)
(10)

Valg — Vgla,
should track their references, described by p* and g¢*.
Besides, the total dc-link voltage, denoted by wg., should
be regulated towards the constant reference vj,.

In the rest of the paper it is assumed that there exist
certain controllers that deal with the regulation of the
instantaneous powers and of the total dc-link voltage.
Specifically, the control inputs d, and dg as well as p*
are used by these controllers to this end.

4. ANALYSIS OF THE DYNAMICS OF THE
DC-LINK CAPACITOR VOLTAGE DIFFERENCES

This section is devoted to study the system (4)-(6), ana-
lyzing in detail functions (7), in order to provide a better
understanding of the behavior of the DCC. The following
assumptions are considered in the analysis.

Assumption 1. The instantaneous power dynamics are
much faster than both total dc-link voltage and capacitor
voltage difference dynamics.

This assumption is related to an approach based on
different time scales and leads to consider in the analysis
that the instantaneous powers have been regulated around
their references, that is,

p =~ p’ (11)
q ~ ¢ (12)

Assumption 2. The total dc-link voltage has been properly
regulated and can be approximated by its steady-state
reference as follows

Vde = UJ, (13)

Under this assumption, it is supposed that after certain
period of time the total dc-link voltage vg. has achieved
its reference, regardless of the behavior of the variables
Ud, , Vd, and vq,. In this way, it is also assumed that the
capacitor voltage differences are bounded, so during the
transient state of vq4. the trajectories of vg, vg4, and wvg,
have not escaped to infinity. It is important to mention
that when v4. has achieved its reference, the instantaneous
active power reference can be approximated by

2

. Vde
~ ¢ 14

p R (14)
Summarizing, when these assumptions are taken into
account, it leads to study functions (7) focusing on a
specific operating point of the system, which is defined

by the references p*, ¢* and vjj,..

The procedure to deduce the final expressions of (7) is
similar to the one presented in Umbr{a et al. [2009] for the
three-level DCC and leads to define the functions

wij(t)

fori=1,2,3,and j =0, 1, 2, 3. The subscript ss indicates
the condition of steady state of the system. Parameters p;;

9ijl,, = pajsin(3-2mft +0;5) +mig, (15)
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Table 1. Parameters of the study system.

Parameter Value
Total dc-link voltage reference (v3,) 700 V
Instantaneous reactive power reference (g*) 0 VAr
Ac-source frequency (f) 50 Hz
Phase voltages (vsa, Vsh, Vsc) 230 VrMs
Inductors (L) 3 mH
Capacitors (C1, Ca, C3, Cy) 4700 pF
Resistive load (R) 120 ©

and 6;; are the amplitudes and phases of the sinusoidal
terms of functions w;;(t), and n;; are their mean values.
They all depend on the particular values of p*, ¢* and
v}.. Furthermore, the frequency of the sinusoidal terms of
functions w;;(t) corresponds with the triple frequency of
the ac-source frequency, denoted by f, which is also the
frequency of the phase voltages.

As a result, introducing in (4)-(6) the practical assump-
tions considered, and assuming that the dc-link capacitor
voltage differences are close to zero, the dynamics of vq,,
v4, and vg, can be expressed as

dv
C df = wi3(t) 83 + wia(t) 02 + w1 (t) 6y + wio(t) (16)
dvdz 3 2
ar = Wa3 (t) 6V —+ woo (t) 67 + wgl(t) 5V —+ woq (t) (17)
dvds _ 3 2
- w33 (t) 05 + waa(t) 05 + ws1(t) 8 + wso(t), (18)

where d, is the control input of the system. Notice that
the dynamics of the state variables vq, , v4, and vg, of this
approximated model are decoupled.

Application example 1. Consider the values of the system
parameters shown in Table 1. Note that the instantaneous
reactive power reference is set to zero in order to achieve
unity power factor, and that the steady-state reference
of the instantaneous active power can be approximated
by (14). In this specific operating point, the behavior of
functions (15) is depicted in Fig. 4. Most of these functions
present a sinusoidal behavior, having they all the same
frequency, while the rest are constant functions.

Remark 1. The analysis has resulted in an approximated
model (16)-(18), which presents only the control input d,
to regulate the variables vq,, v4, and vq,, whose dynamics
are decoupled. Besides, the system of equations (16)-(18)
is not controllable. For instance, given an initial state of
Ud, , Ud, and vg4,, these variables can not be driven to some
other state and being kept indefinitely in the new state.
To see this, notice that J, can not be defined to provide a
solution to vg, = 0, ¥4, = 0 and v4, = 0 at the same time.
Hence, guaranteeing the asymptotic stability of the origin
of the system is not possible, and the practical stability of
the system is consequently the purposed control objective.

The approximated model contains also several sinusoidal
functions of time, which are defined by (15). In what
follows, these functions are assumed to be external dis-
turbances. In this way, the cardinal results obtained in
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Fig. 4. Functions w;;(t) for ¢ =1, 2, 3, and j =0, 1, 2, 3, considering the parameters of Table 1.

this section lead to relate the capacitor voltage balancing
objective to a problem of ensuring the practical stability
of the variables of the nonlinear system (16)-(18) subject
to known exogenous disturbances (15). This novel problem
statement is considered in this paper to design the voltage
balance controller, making use of the special features of
the disturbances.

5. CONTROLLER DESIGN AND IMPLEMENTATION
In order to practically stabilize the voltage difference

variables, the proposed control law to apply at certain
sampling instant t, is described by

5 Oypy i w3i(t) <p and t, <t <to+T 19)
T Oy, if w3i(t)>p and t, <t <t,+T,
where T is the period defined by
1
T = 37 = tnttn (20)

Constant p is a design parameter, and J,, and d,, are
constant values to be chosen. It is worth stressing that T is
defined to coincide with the period of the sinusoidal terms
of the disturbances (15), which is known. The total time
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intervals when the values d,, and d,, are applied during a
period are defined, respectively, by ¢,, and t¢,,. With the
aim of implementing this control law, which is focused on
a particular system operating point given by p*, ¢* and
v}, several off-line steps should be carried out.

Remark 2. The motivation for the control law is the fol-
lowing. There exists an only control input to deal with
three variables with decoupled dynamics (16)-(18). It sug-
gests to use d, to control any variable (of some of them)
during some periods of time and to use it to control the rest
of the variables (or the remaining one) in the spare time.
As can be seen in (19), the selection of the control values
to apply in each time instant is based on the evaluation
of w31 (t). This choice is motivated by the fact that, when
d, is small, w31 (t) multiples 0, in (18), and this term is
the d,-dependent dominant term of the equation. Notice
that the corresponding terms in (16) and (17), that is, the
disturbances wq1(t) and wo;(t), are constants. In view of
this, it is reasonable to control vg, when ws; is large and
control the other variables when the contrary occurs.

5.1 Voltage difference variations during a period T
In the first controller design step, the net variation of vy, ,

vd, and vg, during a period 7', based on the application of
(19), is analyzed as a function of 4., and d.,.
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Fig. 5. Areas in the control input space d,— d-, delimited

by the curves Awvyg, |t et — 0 for i =1, 2, 3, which are
denoted, respectively, by A, B and C.

Integrating first (16) and (17) from ¢, to t, + T, it yields
the expressions

ot T 3 ( ) Hi2 y o 2
=3 (t’Yl(S% 72572) o f (571_5%)
(21)
+ i1 (t% 5% + t’Yz(SVz) )
for ¢+ = 1, 2. Parameter X\ is a positive constant that

depends on the specific value of p (defined in (19)) chosen.
For the variable vq,, the equation obtained by integrating
(18) is described by

A'Udsl = 133 (t’hé'h V2672)+7732 (t’h&m ’726'2y2)
M2 (52 52 toy Oy £0y00y) (22
+3 or f( - )+7731(’71 v by ’72) ( )
+ Ha1A (6ny — 04y) + 30T .
3. 27Tf Y2 71

Then, these expressions are solved for the particular situ-
ation Avdi|tz+T =0 for ¢ = 1, 2, 3. Thereby, the pairs of
control values 6., and d,, that make that the variation of
the dc-link capacitor voltage differences remains constant
during a specific period T', defined by (20) and identical
to the period of the sinusoidal terms of the disturbances
(15), are computed.

Application example 2. Consider the values of the system
parameters shown in Table 1 that lead to the behavior
of the disturbances (15) depicted in Fig. 4. Selecting
parameter p of (19) in such a way that time intervals ¢.,
and t,, are set as

T
t’h_ g

Copyright © 2013 IFAC

tVz

2T
= = 23
3 ) ( )

Table 2. Description of the areas defined in the
control input space d,,— 9, .

to+T to+T to+T
Avg, Avg, Avg,
Area 1 + + +
Area 2 + + -
Area 3 + — +
Area 4 + - -
Area 5 — + +
Area 6 - + -
Area 7 — — +
Area 8 - - -

the curves in the control input space 6,,— 6., that satisfy
totT

the expressions Awvg,|,° = 0 for ¢ = 1, 2, 3, are
illustrated in Fig. 5, denoted by A, B and C, respectlvely
These three curves delimit certain areas in the control
input space, which are numbered from one to eight in the
figure. According to Table 2, the selection of a couple of
values 4., and d.,, in a particular area causes distinct effect

in the variables Avdi|§Z+T for i = 1, 2, 3, since the areas
are based on a partition of the control input space such
that each subset provides a different set of signs of these
variables.

5.2 Generation of the look-up table for .

In this last off-line step, a look-up table for control input ¢,
is created. This table consists of a set of couples of control
values ., and ¢, and is created selecting a particular pair
of values for each one of the eight areas described in Table
2, resulting of solving expressions (21) and (22).

5.3 Implementation of the control law

The implementation of the control law is simple and
presents lower computational cost than other voltage bal-
ancing strategies. It is based on the on-line evaluation of
the signs of the variables vq,, vq, and vg, each certain
sampling period T' (20), which is equal to the period of
the sinusoidal terms of the disturbances (15). Depending
on the signs of these three variables, the specific couple 4,
and 6,, of the look-up table that produces the opposite
effect to that marked by the signs of vg4,, vg4, and vg, in

the variables Avdi|iz+T for i = 1, 2, 3, is selected. Then,

control law (19) is applied. The process is repeated each
sampling period of time.

6. SIMULATION RESULTS

The evaluation results of the five-level DCC usefulness un-
der the proposed voltage balancing strategy are shown in
this section. For this purpose, the equations that describe
the converter dynamics (Portillo et al. [2005]) together
with the voltage balance controller have been implemented
in Simulink under MATLAB environment, carrying out
a simulation in discrete time with sampling time set to
200 ps. The controllers presented in Vazquez et al. [2008]
have been also included in the system with the goal of
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Fig. 6. Behavior of the dc-link capacitor voltage differences
under the proposed controller.

regulating the instantaneous powers and the total dc-link
voltage. The values of the system parameters considered
are summarized in Table 1. Notice that the sampling time
is lower than the period (20) of the sinusoidal terms of
the disturbances (15), used to determine when should the
signs of the variables vgq,, v4, and vq, be evaluated. It is
important to note that the simulation is directly based
on the continuous model of the five-level DCC, so no
switching strategy is required.

The behavior of the system have been studied for a
particular operating point, starting the simulation with
unequal values of the dc-link capacitor voltages. This
operation point is defined by the references v}, and ¢*
described in Table 1, and also by the value of p* in steady
state, which is approximated by (14). Thus, the couples
of values of the look-up table for ¢, have been off-line
calculated for these specific conditions of operation.

Figure 6 depicts the evolution of the dc-link capacitor volt-
age differences. The variables vg, and vg, move rapidly to
zero, remaining fluctuating, together with vg,, around this
value. After approximately 0.1 s, the voltage differences
satisfy the condition |vg,(t)] <5V, for i = 1, 2, 3. Hence,
from that moment onwards, the three state variables are
kept close to zero, as it is required. Therefore, the proposed
controller presents a satisfactory performance, since it
avoids the uncontrolled rise of fall of the capacitor voltages.

7. CONCLUSIONS AND FUTURE WORK

This paper has coped with the voltage imbalance problem
of the dc-link capacitors in the five-level DCC, introducing
a voltage balance controller for a specific operating point
of the system. The controller design has been based on
the analysis of the converter model dynamics. Simulation
results have illustrated the usefulness of the controller.

Copyright © 2013 IFAC

It should be stressed that the control law, implemented
in the converter working as rectifier, can be also used for
the inverter mode. In addition, it is extensible, including
some non-obvious adjustments, to the back-to-back DCC
topology. This is the future direction of research of the
authors of this work, together with the extension of the
controller to be used under varying operating conditions
of the system.
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