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A controller for practical stability of capacitor voltages in a
five-level diode-clamped converter

Francisco Umbria* !, Francisco Gordillo and Francisco Salas

Department of Systems Engineering and Automation, University of Seville, 41092 Seville, Spain

ABSTRACT

The balancing of the dc-link capacitor voltages represents the main technical challenge in multilevel diode-
clamped converters. In particular, when the number of capacitors is greater than two, these power conversion
systems must be actively controlled to achieve a correct voltage sharing. Focusing on the five-level diode-
clamped converter topology, this paper deals with the voltage imbalance phenomenon from a control point
view. For that purpose, the voltage balancing objective is addressed as a problem of ensuring the practical
stability of a nonlinear system under the presence of external disturbances. Considering this approach, a
novel control method is proposed to regulate the outputs of the system. It is based on several steps, which
should be carried out during the controller design stage, that lead to define a discrete-time controller with
sampling frequency corresponding to the triple of the ac-source frequency. Finally, the performance of
the proposed controller is analyzed under varying operating conditions to demonstrate the capability and
viability of the controller to attain the control goals.

KEYWORDS: multilevel power converter; diode-clamped converter (DCC); practical stability; dc-link
capacitor voltage balancing; stability analysis

1. INTRODUCTION

1.1. Background: multilevel power converters

Among the great variety of multilevel converter topologies [1, 2], the diode-clamped converter
(DCC) has attracted special interest, particularly in medium-voltage and high-voltage applications
for high-power systems, finding increased attention in academia as well as in industry [1, 3,4]. In
light of the world ever-rising demand for electrical energy, DCCs have emerged as an important
solution due to the power levels reached by this power-conversion systems, and due to the attractive
features and the more competitive performance they present [5, 6], in comparison with conventional
two-level converters.

The idea behind multilevel converters is that by augmenting the number of levels, the voltages
generated by the converter have more possible steps producing staircase waveforms, which approach
the sinusoidal waveforms and reduce the total harmonic distortion [4, 5]. Thus, the generated
voltages improve their quality as the number of levels increases, leading to multiple-step voltage
waveforms with variable and controllable frequency, phase and amplitude. However, when the
number of levels of the DCC is augmented, the structure of the converter becomes more and
more complex. A greater number of power semiconductor switches, clamping diodes and dc-link
capacitors is needed, increasing in this manner the device size and the assembly costs. Consequently,
the difficulty of controlling the converter increases as well. In particular, the balancing of the dc-link
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Figure 1. Circuit of a three-phase five-level diode-clamped power converter.
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capacitor voltages becomes extremely complicated, especially for topologies that present more than
three levels, and it represents one of the major technical challenges in multilevel converters. For
these topologies, the converters must be actively controlled to achieve a correct voltage sharing.

Concerning the five-level DCC, topology illustrated in Fig. 1 and considered in this paper, the
phenomenon of voltage imbalance of the dc-link capacitors represents a critical issue. Besides
deteriorating the performance of the system, it may result in unsatisfactory behavior of the converter.
On account of the different capacitor charging times during instantaneous active power transfers, the
capacitor voltages tend to rise or fall in an uncontrolled way. Consequently, they can even cause the
operational failure of the converter.

In view of this, there is an essential need to keep balanced the capacitor voltages. Nevertheless,
dealing with the voltage imbalance problem is not an easy task. Considering conventional
modulation techniques, multilevel DCCs present some limits [7, 8], for which an equal capacitor
voltage sharing is not possible in all the operating conditions, if single multilevel inverters or
rectifiers are considered. These theoretical and practical limits are related to the modulation index
and the power factor. Due to this fact, the subject, that is, the balancing of the capacitor voltages, has
been one of the most active research topics in the field of power electronics. It has been addressed
in different ways, leading to several approaches and solutions in the technical literature:

1. The first and easiest approach to cope with the problem consists of supplying the dc link of
the converter with four separate dc sources, one per dc-link capacitor [9].

2. The second approach is to install some voltage balance regulation circuitry. Inclusion of buck-
boost converters to force energy transfer from outer capacitors to inner ones [10], additional
circuit-based equalizing controllers with and without extra switching devices [11], voltage
balancing based on auxiliary capacitors [12], or circuits to maintain the voltages across the
capacitors constant [13], are some examples.

3. The third approach introduces a fourth leg in the converter, yielding the five-level four-leg
four-wire DCC topology [14].
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4. The fourth approach uses a back-to-back configuration, connecting a multilevel rectifier to
a multilevel inverter, in order to widen the set of converter operating conditions [15-18].
This means that there are much more possibilities for balancing the charge among the dc-
link capacitors. Nonetheless, even so, a voltage balancing strategy should be included. Some
examples of control strategies considered to deal with the voltage imbalance problem in the
back-to-back converter can be consulted in [19-21].

The requirements for additional power hardware or auxiliary devices that these approaches
involve, represent a significant increase in the converter cost and add complexity. In order to provide
a more economical solution, other approaches have been also investigated:

5. Another approach considers switching strategies based on modulation techniques [22, 23].
Taking advantage of the redundant switching states of the converter to optimize a certain
cost function [24, 25], they guarantee the capacitor voltage balancing. Nevertheless, there
exist some limitations to this method regarding the converter range of operation [7, 8]. To
overcome the problem, modulation strategies combined with control schemes have been
proposed [26,27]. Other authors use also modulation strategies but adding in this case chopper
stages [28,29] and front-end diode rectifiers [30]. In [31], a control method based on PWM
that introduces multiband hysteresis comparators to simplify the control of the main circuit
while injecting current components in the dc-link intermediate points of the DCC has been
also proposed.

6. Other approach defines a discrete-time dynamic model of the converter with the purpose of
applying a predictive control strategy. This approach has been presented in [32].

Therefore, among the viable voltage balancing solutions that reduce the voltage imbalance to an
acceptable level, those that do not implement additional components need however a complex and
more elaborated control strategy. Consequently, a higher computational time is required.

1.2. Considered control approach to cope with the problem

Recently, a completely different approach has been proposed in [33]. In that paper, it is shown that
the problem of the capacitor voltage imbalance can be addressed as a problem of regulating the
multiple outputs of a nonlinear system subject to exogenous disturbances. In view of this result,
this novel problem statement allows to widen the range of alternatives to cope with the voltage
imbalance problem. Besides, it represents a more interesting but also involved approach, from a
control point of view. Note that the topic of controlling a plant subject to disturbances has been
widely studied in control theory [34,35] and used for different engineering applications.

In the last decades, the problem of the presence of disturbances in nonlinear systems has attracted
considerable attention [36-39]. Important research is still being done in this area considering
various control methods [40—42]. Generally speaking, the control law to apply, commonly by error
feedback, is designed with a twofold purpose [36]: it is designed, on the one hand, to achieve internal
asymptotic stability and, on the other, to guarantee output regulation. Internal asymptotic stability
means that, when the disturbances disappear, the equilibrium point of the closed-loop system is
asymptotically stable. Output regulation means that, for all possible initial states of the closed-loop
state variables, the tracking error tends to zero as time tends to infinity. Therefore, the controller
should be designed in such a way that it asymptotically forces the tracking error to zero despite the
presence of disturbances.

In contrast, returning to the matter at hand, the balancing of the capacitor voltages in the five-
level DCC is not related to asymptotic stability requirements but with achieving the practical
stability [43, 44] of the system. In this way, ensuring that the capacitor voltages remain within
certain predefined subsets, the uncontrolled rise or fall of these voltages is avoided. This fact is
basic in the design of the voltage balance controller proposed in this paper, which represents the
main contribution of this work. For this purpose, the approach presented in [33] to describe the
voltage imbalance problem is adopted, including also the preliminary control ideas discussed in
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Figure 2. Schematic diagram of the five-level diode-clamped converter working as rectifier.

that paper that lead to define a discrete-time controller focused on an only given system operating
point, whose sampling frequency is three times the frequency of the ac source connected to the
converter. The new proposed controller, which is based on several steps that should be carried
out during the design stage, presents the following improvements: (i) criterion of selection of the
control inputs; (ii) controller extension to be used under varying operating conditions; (iii) and
evaluation of the parametric robustness of the controller. In addition, the proposed controller enables
voltage balancing without the need of implementing extra circuitry, and it presents also reduced
computational cost. Furthermore, the stability of the closed-loop system is analyzed in this paper.

The structure of the paper is as follows. Section 2 describes the model of the five-level DCC
and defines also the control objectives. Then, Section 3 states the problem of the capacitor voltage
imbalance addressed in this paper. The design stage and the implementation of the controller is
presented in Section 4, while the extension of the controller to be used under varying system
operating conditions is discussed in Section 5. Afterwards, Section 6 is devoted to evaluate the
performance evaluation of the controller. Finally, some concluding remarks are included in Section
7, summarizing the key results of the paper.

2. MODEL OF THE POWER CONVERTER AND CONTROL OBJECTIVES

Figure 2 illustrates a schematic diagram of the configuration considered in this paper, which is the
rectifier operating mode of the five-level DCC. In this way, the converter is connected, on the one
hand, to an ac source or to the grid through smoothing inductors L and, on the other hand, to a
pure resistive load R. The dc link is composed of capacitors C;, Co, C3 and CYy, all of identical
capacitance C'. Their voltages are represented by v, , v.,, v., and v.,. Besides, the phase currents
are denoted by 14,, i, and 7., while the phase voltages are defined by vs,, v, and vs,.

2.1. Continuous model of the five-level DCC

The dynamic model of the five-level DCC presented in [45] is considered in this paper. Including an
appropriated modulation strategy [5,6], the essential idea of the model is that it is assumed that when
the frequency range of the system is much lower than the switching frequency, the gating signals
that regulate the positions of the power switches of the converter can be replaced by their average
values in that switching period. In this manner, the converter is described by a continuous model.
The average values of the gating signals, denoted in what follows by d,, d, and ., are the control
inputs of the converter model. Because they are assumed to be carried out through a modulator, they
should be located within the domain

Ds,,. € R® := D;s, x Ds, x Ds,, (H

abe
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such that Ds, = [-1,1], for i = a, b, ¢. In this manner, the modulation technique is correctly
implemented.

The model includes, among others, the dynamics of the differences between the voltages of the
dc-link capacitors. For this purpose, the voltage difference variables

vdl — UC1 - UC4 (2)
/Udz — /UCZ - UCg (3)
Vds = ey — Vess (4)

are introduced in the modeling process. In addition, the converter model in «fy orthogonal
coordinates is also presented, where both phase currents and voltages are transformed from abc
into oy coordinates, yielding the current variables i, and ig, and the voltage variables v, and vg,
respectively. Moreover, the control inputs are also transformed into 4, dg and d.,.

2.2. Control objectives

The control objectives for the rectifier configuration of the five-level DCC are stated in this section.
On one hand, some are defined in relation to the voltage levels of the dc-link capacitors and, as
pointed out in the introduction, are related to practical stability requirements.

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 T,, = Typ(a,b) > 0, independent of ¢, such that

le(t) | <a = [e@) || <b,  Vi>t,+Tw, ®)

where & € R" is the state of the system.

On the other hand, other control objectives are related to the management of the instantaneous
powers [46]. They all are described as follows:

1. The voltage difference variables v, , v4, and vg, should be regulated to assure the practical
stability of the system.

2. The total de-link voltage, denoted by vy, should be directed to its reference. The reference is
defined by the positive constant v};,..

3. The instantaneous active power p defined as
P = Uala +Ugig, (6)
should be driven to its reference p*.
4. The instantaneous reactive power ¢ defined as
4 = Valg —Upla (7
should be directed to its desired value ¢*.

Since the paper addresses the phenomenon of voltage imbalance of the dc-link capacitors, it
is mainly focused on the first control aim. Note that guaranteeing the fulfillment of this control
objective, it is avoided the uncontrolled rise or fall of the dc-link capacitor voltages. Regarding the
other control goals, it is assumed in the following that there exist other controllers that deal with
them. Commonly, the control inputs d, and dz together with the instantaneous power reference p*
are used by the controllers to that end. Consequently, the control input ., remains as a degree of
freedom for coping with the capacitor voltage imbalance.
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3. PROBLEM STATEMENT

As previously mentioned in Section 1, the approach presented in [33] to deal with the voltage
imbalance problem in the five-level DCC is adopted here. In that paper, a mathematical analysis
of the variation over the time of (2)-(4) in steady state is carried out considering some
practical assumptionst. In this way, the converter dynamics are studied under assumptions: (i)
the instantaneous power dynamics are much faster than the total dc-link voltage dynamics and
than those of the capacitor voltage differences; and (ii) the total dc-link voltage has been properly
regulated and can be approximated by its steady-state reference.

As a result, an approximated model, which will be used to design the controller, is derived
from the original model [45], replacing some variables by their approximations in steady state.
Concretely, the phase currents 4, and ig as well as the control inputs d,, and 63 are, respectively,
expressed by

lal,, = m (vap™ — v3q") ®)
o B

Z/*|ss T 212 2 (vgp™ + vag") 9)
2 2n fLq* 27 f Lp*

dalyy = v ((1 TR Jii— 7¢2> Vo ¥ 13 ]ii- v Uﬁ) (10)
de e 63 «a B8
2 2nf Lq* 27 f Lp*

55|Ss ~ o ((1 + 2 102 > vg — 02 102 Vey | - an
de a B a B

The subscript ss indicates the condition of steady state of the system, meaning that p, ¢ and v, are
located around their respective steady-state reference values p*, ¢* and v},
The approximated model derived is described by the set of equations

dvg,

C prali wi3(t) 63 + wia(t) 62 + wi(t) 6y + wio(t) (12)
dvdz 3 2

O = wn(t)d) +wn(t) & +wa(t) &y +wa(f) (13)
dvd, 3 2

C 7 = w33(t) (5,7 + w32(t) 57 + wgl(t) (57 + w30(t) s (14)

where ¢, is the unique control input of the system. Notice that the dynamics of the state variables
Ud, » Ud, and vg, are decoupled. Functions w,-j(t), fori=1,2,3and j =0, 1, 2, 3, are regarded as
disturbances produced by an external generator or exosystem. They are defined as follows

wii(t) = pijsin(3- 2wt + 0;5) + nij, (15)

fori=1,2,3and j =0, 1, 2, 3. Constant parameters /,;(p*, ¢*, v},) and 0;;(p*, ¢*,v};.) are the
amplitudes and the phases of the sinusoidal terms of functions w;;(), and 7;;(p*, ¢*,v},.) are their
mean values. In addition, the frequency of the sinusoidal terms of functions w;;(¢) corresponds to
the triple frequency of the ac-source frequency, denoted by f, which is also the frequency of the
phase voltages. This fact is related to the existence of an inherent ac-voltage fluctuation or ripple, at
three times the frequency of the ac source, to each of the four dc-link capacitors [23,29].

Hence, the voltage imbalance phenomenon is addressed as a problem of assuring the practical
stability of the nonlinear system (12)-(14) subject to the disturbances (15). It is worth stressing that

Similar analysis of the dynamics of the converter have been worked out in other multilevel topologies, for example, in
the three-level neutral-point-clamped converter [47] or in the three-level diode-clamped back-to-back converter [48].

Pages 56-68
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the disturbances are described by functions of time that depend on the particular system operating
conditions, defined in steady state by the references p*, ¢* and v};.. Consequently, the constant
parameters /i;5, 0;; and 7;; of the disturbances should be evaluated analytically or by means of
simulation as a function of the particular steady-state references considered. In this regard, the
evaluation of the specific values of the parameters of the disturbances represents a preliminary stage
before beginning with the design of the controller.

4. CONTROLLER DESIGN AND IMPLEMENTATION

A key point of the controller presented in the following is that it is formulated as a discrete-time
controller with sampling frequency corresponding to the triple of the frequency of the ac source. It
is worth mentioning that this sampling frequency corresponds also to the frequency of the sinusoidal
terms of the disturbances defined by (15) in the previous section. Furthermore, inside these periods
the control input commutes between two constant values to be chosen by the controller at the
beginning of the sampling period.

The primary reason behind this decision is to exploit the properties and knowledge of the
disturbance patterns to cope with the complexity of the model (12)-(14). In other words, it is taken
advantage of the fact that the period

T = —, 16
57 (16)
i.e., the period of the sinusoidal terms of the disturbances, is known. Besides, the requirement of
practical stability of the system can be satisfied assuring that the following variables

ve,(kKT), VkeN, fori=1,2,3, (17)

remain within certain subsets.
The dynamics of these variables are expressed by

(k+1)T

Ud,,-,((k -+ 1)T) = Ud,i(kT) + Avd"?|kT , fori=1,2,3, (18)
( . .
where the terms Avyg, :TH)T represent the net variation over a sampling period of the voltage
difference variables vq,, v4, and vg,. Taking into account the approximated model (12)-(14), they
are described by

(k+1)T (k+1)T (k+1)T
(k+1)T 3 5
o = / w;3 (t) (5,,, dt + / wiz(t) 57 dt + / Wi1 (t) 67 dt

kT kT kT

A’Udi

19)

(k+1)T

+/wi0(t) dt, for 7 = 1, 2, 3.

kT
Based on these previous concepts, several steps should be carried out during the controller design
stage in order to implement subsequently the voltage balance controller.
4.1. Definition of the control law

Considering the particular expression of the disturbances (15), the control law

5 Oyys It wai(t) <mgy —psicos(me) and KT <t<(k+1)T )
T (572, if UJ31(t) > 131 — M31 COS (71'5) and kT <t< (k + 1)T,

is proposed, where T is defined by (16). In this manner, the period of the sinusoidal terms of the
disturbances is used to define the control law. Parameters ¢, and ¢, are a couple of constant values
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to be chosen at the beginning of each sampling period, and constant ¢ is a design parameter such
that 0 < e < 1. Consequently, the total time periods t., and ., when, respectively, 6., and 6., are
applied during a whole period 7" depend on the choice of €. They are described by

ty, = T 2D
tyy = (1—¢)T. (22)

Remark 1

The motivation for this control law is the following. When ¢, is small enough, the disturbances
wi1(t), for i =1, 2, 3, are the ¢, -dependent dominant terms in (12)-(14). In addition, they are also
the 0.,-dependent dominant terms of (19). Therefore, (19) can be approximated by

(k+D)T (k+D)T
A’Udil ‘  ~ /wil(t) 57 dt + / wio(t) dt, fori=1,2,3. (23)

kT kT

Then, considering these expressions together with the particular behavior of each one of the
disturbances, it leads to approximate (18) by

(k+1)T

v, (k+1)T) =~ wg, (KT) + 7]11/5ydt (24)
kT
(k+1)T
va, (E+1)T) =~ wg,(kT) + 7]21/57 dt (25)
kT
(k+1)T
va(k+1)T) =~ wg(kT) + w31 (t) Oy dt + m3oT. (26)

kT

Besides, there exists an unique control input to deal with the regulation of (17), that is, with the
regulation of three variables with decoupled dynamics (24)-(26). It suggests to use ¢ to control
any variable (or 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 (20), the selection of the control
values to apply in each time instant is based on the evaluation of w31 (). Note that it is the only time-
varying system parameter present in (24)-(26), since 71, 121 as well as 73¢ are all constant values.
In view of this, it is reasonable to control v, when ws;(t) is large and control the other variables
when the contrary occurs.

4.2. First design step: analysis of the dynamics in discrete time of the capacitor voltage differences

The target of the first design step is to analyze the behavior of the discrete-time dynamics (18) as a
function of 6., and d.,, considering the proposed control law (20). In this way, the analysis serves
as a basis for identifying and selecting the appropriate pair of constant control values 4., and §,
that should be applied during a particular period of time (16). Since J is piece-wise constant, the
analysis can be performed, and (19) can be then analytically calculated.

Beginning with the voltage difference variables v4, and vg,, expressions (19) lead to the equations

(k+1)T ) _1’i ;
= (8, 8 + sin () S (2, - )

+ 1i1 (ty; 04y + t,0-,), for i=1,2.

Avdi

kT

27)
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Table 1. Parameters of the study system.

Parameter Value
Ac-source frequency (f) 50 Hz
Phase voltages (vsa, vsp, Vsc) 230 Vrms
Inductors (L) 3 mH
Capacitors (C1, Ca, Cs, Cy) 4700 pF
Resistive load (R) 120 Q
Operating point:

Instantaneous active power reference (p*) 4083.3 W
Instantaneous reactive power reference (¢*) 0 VAr
Total dc-link voltage reference (v};,.) 700 V

Concerning the variable v, , the expression that should be evaluated is defined in this case by (19),
for 4 = 3. It results in the equation

(k+1)T . .
Dvay| = s (65,60, +1,05,) + ms2(ty, 02, 4 t1,02,)
+ sin (re) ?‘% (62, 62,) + 131 (6, + t205,) (28)
. 31
+ sin (7e) ﬁ (0 — 0, ) + 130T .

In the following, the values of d,, and 6., that make Awvyg, Z:DT =0, fori =1, 2, 3, are studied.

Consequently, (27) and (28) are set to zero, yielding the particular solutions situated, respectively,
in manifolds

(k+1)T

M; = {(571,572) eR?| Avgl. =0 } for i = 1,2, 3, (29)

kT

which can be represented by curves in the control input space d,— d,.

Application example 1

Consider the values of the system parameters shown in Table I and the behavior of the disturbances
(15), for this specific operating point, that can be consulted in [33]. Under this particular situation,
Fig. 3 illustrates manifolds (29) in the control input space ¢é.,— d-,, when the design parameter ¢ of
(20) is set to 1/3. Figure 4 depicts also manifolds (29) but in this case for ¢ = 2/3. Notice that the
curves change depending on the chosen value of ¢.

4.3. Second design step: generation of the look-up table for 6.,

The objective at this design step it to generate a look-up table for control input ., that includes a set
of eight couples of constant values ., and d.,. These couples of values will be used subsequently
via control law (20), when the controller is implemented in the system.

The selection of the values of d., is based on the particular operating conditions of the system.
Thus, for a given operating point, manifolds (29) delimit various areas in the control input space
0~,— 0+,. These areas are based on a partition of the control input space such that each subset
provides a different set of signs of variables (19). Considering this fact, in this design step, a
particular couple of values d.,, and ¢, should be selected for each area.

Application example 2
Focusing on the figures described in the previous application example, both Fig. 3 and Fig. 4 show
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Figure 3. Manifolds M;, for : = 1, 2, 3, in the control input space d-,— d~,, when parameter ¢ is set to 1/3.
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Figure 4. Manifolds M;, for ¢ = 1, 2, 3, in the control input space d~,— d~,, When parameter ¢ is set to 2/3.

distinct areas determined by the curves (29). These areas are numbered from 1 to 8 in the figures

and can be defined mathematically by different manifolds. For instance, the area denoted by number
1 is defined by

(k+1)T (k+1)T

>0 () Aval >0

kT

Areal := {(5717572)€R2| A/Udl|;¢T

(k)T
ﬂ A’Ud3|kT >0 }

Regarding the other areas, their description is summarized in Table II. According to this table, notice
that the application of (20) causes distinct effect in the voltage difference variations (19) depending
on the particular area where the pair of values d.,, and 4., is selected.

(30)

With the purpose of choosing the eight specific pairs of values, the following consideration
should be taken into account. As mentioned in Section 2, control inputs d,, 63 and ¢, represent

Pages

56-68
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Table II. Description of the areas delimited by manifolds M, for i = 1, 2, 3.

(k+1)T (k+1)T (kt+1)T
Dvgy| Dvgy| Avg, \kT
Area 1 + + +
Area 2 + + —
Area 3 + — +
Area 4 + — —
Area b - + +
Area 6 — + -
Area 7 — — +
Area 8 — — —

in a3y coordinates the average values of the gating signals. Thus, they are first transformed into abc
coordinates via the power-invariant form of the Inverse Clarke Transform. The following matrix

_ 1 7
1 0 —
V2
2 1 V31
Ta57—>abc = g _5 7 E s 31
1_v3 1
L 2 2 V2

is used to that end. The transformation yields d,, d, and 6.. Then, these control inputs are modulated
to generate the gating signals. Because the control inputs in abc coordinates should remain in the
domain (1) to implement correctly the modulation, there exist also some theoretical limitations
regarding 0, d3 and 6,. Hence, the choice of the values of §, should be based on a trade-off
between the different control objectives, since d, and dg are devoted to regulate the instantaneous
powers of the system.

In view of this, the criterion adopted in this paper is to select the couples of values 4., and ¢, as
close to zero as possible. In order to achieve this goal, the design parameter ¢ plays a fundamental
role. As can be seen in Fig. 3 and Fig. 4, its specific chosen value makes the different areas change.
Consequently, the value of € can be used to optimize the couple of values 4., and d,, to select for
each one of the eight areas. In addition, it is worth stressing that there might be situations such that
(29) do not lead to eight distinct areas. For these particular cases, parameter ¢ can be designed to
make the manifolds (29) define new different areas in the control input space. Note that, in order to
be able to compensate nonzero values of (17) with the proposed control method, it is necessary to
produce all possible sign combinations of (27) and (28).

Remark 2

The procedure to obtain the couples of control values is based on the definition of a grid of points in
the control input space d.,— d-,. Considering first an only fixed value of ¢, functions (27) and (28)
are evaluated for each one of the points of the grid. In this manner, it is possible to know exactly in
which of the areas described by Table II the points are located. Then, for each one of the eight areas,
among the whole set of points that belongs to a particular area, the specific point situated closer to
zero is selected.

Afterwards, and with the aim of optimizing the chosen control values, the procedure is repeated
for different values of ¢. Thus, if any of the new selected couples of values is closer to zero than the
one chosen before, the older couple of values 4., and 4., is replaced by the new one. The whole
procedure does not take more than a pair of minutes and is carried out off line.
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Table III. Evaluation of the signs of the capacitor voltage difference variables.

va, (KT) v, (KT)  vq, (ET) Signs Selected area
>0 >0 >0 — +++ Area 8
>0 >0 <0 — ++ = Area 7
>0 <0 >0 — + -+ Area 6
>0 <0 <0 — + - - Area 5
<0 >0 >0 — —++ Area 4
<0 >0 <0 — -+ - Area 3
<0 <0 >0 — ——+ Area 2
<0 <0 <0 — - —— Area 1

Finally, the look-up table that will be used to choose the values of d.,, and ., at the beginning of
each sampling period is generated. This table is composed of a set of couples of control values §,
and 6., and is created including the specific pair of values selected for each one of the eight areas.
Besides, the table should also include the specific value of the design parameter ¢ associated with
each particular pair of values.

4.4. Implementation of the control law

The implementation of the control law is based on the on-line evaluation of the signs of the variables
vg, (KT), for i =1, 2, 3. Thus, the voltage difference variables vy, , v4, and vg, should be first
evaluated. Then, depending on the signs of these three variables, a specific couple of constant values
d~, and 4, of the look-up table described in Section 4.3 is selected. The chosen pair is the one that
produces the opposite effect to that marked by the signs of (17) in the voltage difference variations
(19). Table I illustrates this concept. Then, control law (20) is applied considering the particular
value of ¢ associated with the selected couple of values. That is, according to (20), the constant
values d,, and d, are applied. The process is repeated each sampling period, which is equal to the
period of the sinusoidal terms of the disturbances, defined by (16).

4.5. Stability analysis

In order to analyze the stability of the resultant closed-loop system, the dc-link capacitor voltage
differences (2)-(4) are represented in vectorial form by means of vector

va(t) = [va,(t) va(t) va ()], (32)
to simplify the notation considered. Besides, the following bound is defined:

o A\ .x = max |Avd” ,fori=1,2,3and j =1, ..., 8 where the terms Avdw stand for the
specific values of the voltage difference variations (19) in each one of the eight regions defined
in Table II, for the particular couples of control values of the look-up table for d, described in
Section 4.3 and their respective design parameters e.

Proposition 1

Consider nonlinear system (12)-(14) with the control law given by (20). The values 4., and 4., of
the control law are chosen at the beginning of each sampling period 7" from the generated look-up
table for ¢, considering the particular criterion described in Section 4.4 and illustrated in Table III.
Then, system (12)-(14) is practically stable.

Proof
Consider first the discrete-time dynamics of the voltage difference variables expressed by (18) and
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a large value for ||vg(0)||,, . Because each specific couple of control values 0., and 4., to apply
during a time period 7' is selected producing the opposite effect to that marked by the signs of
variables vg, (kKT'), for i = 1, 2, 3, in the voltage difference variations (19) and, in addition, these

.. (k+1)T . . .
voltage variations are such that | Avg, |kT < Anax, fori =1, 2, 3, after a finite time ¢ = k1T,

it follows that

”vd(kT)”oo S Amaxa vk Z kl- (33)

Note that if ||vg(0)|| ., < Amax. (33) is satisfied in this particular case VF, that is, it is satisfied for
k1 = 0. Then, consider the continuous-time evolution of vg, (t), for i = 1, 2, 3, described by (12)-
(14). Inside the time period t € [kT, (k + 1) T, a bound denoted by I for the time derivatives of
v, (t) can be obtained as follows

dvd,, t 1
%‘ = 6 |wi3(t) 5,?; + Wsi2 (t) (53 + wil(t) 57 + w,—o(t)|
< 1 (s 83 , 52 W ) .
< G (lwis()] 63, + lwia ()] 83, + [wir (1)] Oy + [win(t)])
1 .
S 6 (wi3max 6::/max + wiQmax 5"2}/max + wilmax 6'Ymax + wiomax) (34)
1 3 2
< G A (WiBa 0 F Wi 00 Wil Oy + Wi )

—

, fori=1,2,3.

Constant parameters 9. and w;j,,..,fori=1,2,3and j =0, 1, 2, 3, are defined by:

Ymax

® J,,.. = max|d,|, where the considered values of d., are those defined in the generated look-
up table for this control input.

° Wi = H%(‘()i}:/(’] |wi;(t)], for i =1, 2, 3 and j =0, 1, 2, 3, where the terms w;;(¢) are the
tefo,
disturbances of the system described by (15) and T is defined by (16).

Finally, taking into account (33), expression (34) implies that

T
va(®)lloc < Dwmax +T' 3 (35)
is satisfied V¢ > ¢;. Hence, the voltage difference variables vy, , v4, and vg, are kept within certain
predefined subsets, guaranteeing in this manner the practical stability of system (12)-(14). O

5. SYSTEM UNDER VARYING OPERATING CONDITIONS

The controller design step described in Section 4.3 is based on a specific operating point of the
system. As a result, the generated look-up table as well as the controller based on the application
of the values of this look-up table are only focused on those same operating conditions. Notice
that some of the parameters p;;, 0;; and n;; of the disturbances (15) of the approximated model
of the system appear in (27) and (28). Therefore, since these parameters depend on the operating
point defined by references p*, ¢* and v}, their specific values should be evaluated to carry out the
second step of the controller design.

Nevertheless, a power converter should be able to work under different scenarios or conditions,
not only for an only given operating point. Several approaches are presented in what follows to
deal with this consideration. They represent the third design step of the controller, which should be
carried out to extend the capability and viability of the proposed controller.
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5.1. Third design step: consideration of varying operating conditions

5.1.1. First approach The first approach is based on the choice of the eight couples of control
values for d, taking into account not only the areas computed for a particular operating point, but
those obtained for a operating range of the system, described by

(p*. q* vi) € (oo, 0. ] x [ @] % [Vien s Viernn |- (36)

Therefore, the second step of the controller design should be slightly modified. With the purpose of
creating the look-up table, the eight specific couples of values should be selected from each one of
the eight common areas to the whole range of operation. More concretely, these common areas are
those regions of the control input space such that the selection and application of a pair of values
d~, and 4., causes the same effect in (19) regardless of the operating point of the system, as long as
it is defined within the range (36). In this manner, the chosen values are valid for the whole range of
operation of the system.

Hence, considering the procedure described in Remark 2 to obtain the control values to generate
the look-up table, in the present case, the functions (27) and (28) should be evaluated many times for
each point of the grid. Thus, each function evaluation considers a different operating point defined
within the range (36). In this way, (36) should be expressed as a set of operating points to be able to
carry out the procedure. Thereby, it is possible to obtain those points of the grid that define the eight
common areas to the whole range of operation. Then, for each one of these areas, that particular
point located closer to zero and described by a specific pair of values ., and d., is chosen. Finally,
the procedure is repeated for other values of ¢ with the purpose of optimizing the selected couples
of control values. It is important to notice that the whole procedure is worked out off line too. In
addition, it should be also mentioned that there might be situations such that the common areas can
not be found, so this approach may not provide a solution.

5.1.2. Second approach The second approach uses a family of look-up tables. Each one is obtained
carrying out the previous steps for a different operating point of the system. Accordingly, this
approach is similar to a gain scheduler [49], where the references p*, ¢* and v};, which are known
for the controller, are the scheduling variables. For those operating conditions that have been not
considered to generate the family of look-up tables, the controller should evaluate which is the
closer specific system operating point of the set of operating points used to generate the look-up
tables. The respective look-up table of this specific operating point should be used for this case.

5.1.3. Third approach Both previous approaches will allow the proposed controller to be used in
varying operating conditions, extending the range of operation of the system. Nevertheless, there
exist also some particular situations such that the same look-up table of values for 4, calculated for
an only system operating point described by

(r*sa"vie) = (050, Vi) 37)

can be also used by the controller to ensure voltage balancing for diverse operating conditions.
Specifically, these particular situations are described by those operating conditions such that any
change in the reference p* is introduced in the system, but the rest of the system references are
kept at their respective values considered during the design of the controller, i.e., at ¢* = 0 and
V3. = vy, In this manner, the off-line design procedure of the controller can be simplified since
neither of the two previous approaches should be worked out.

The third and last proposed approach is based on the mathematical analysis of the converter
dynamics presented in [33], that leads to the model (12)-(14). This approximated model is derived
from the original model [45], replacing some system variables by their approximations (8)-(11) in
steady state. Besides, the present approach considers the following assumption.

Assumption 1

The system inductances L are small enough such that the effects caused by changes in p* in the
control inputs J,, and d3, devoted to regulate the instantaneous powers, can be neglected in steady
state.
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When any change in the instantaneous active power reference is introduced in the system, the
disturbances (15) are directly proportional to p*, because the phase currents (8) and (9) used
to derive the approximated model (12)-(14) are also directly proportional to p*. Notice that the
reference ¢* is set to zero. Consequently, the computation of manifolds (29) of Section 4.2 is totally
independent of p*, so neither the curves nor the areas in the control input space d,,— d,, defined in
Section 4.3 are affected by changes in p*. Therefore, the specific couples of values 6., and 4., of
the look-up table for ¢, calculated for the given operating point (37) continue being valid.

However, due to the variation in amplitude and mean value of the disturbances, control law (20)
should be redefined in this third approach by

5 Opps if w31 () < X(m31 —psicos(me)) and kT <t < (k+1)T %)
T | 6ys i wsi(8) > A(ns1 — psicos (me)) and KT <t < (k+1)T,

since both p31 and 73 are directly proportional to p*. Parameter \ is the constant of proportionality
defined by

A= —, (39)

where p] is the new value of p*, and p is the specific value considered during the design of the
controller.

5.2. Implementation of the control law under varying operating conditions

The controller implementation is similar to the one described in Section 4.4, for an only given
operating point of the system. Nonetheless, when the third approach described in Section 5.1 to deal
with varying operating conditions is considered, the control law to apply is (38). Besides, notice
that, when the controller is designed considering the second approach of Section 5.1, steady-state
references p*, ¢* and v}, should be also evaluated together with the signs of the voltage difference
variables vq, , vq, and v4,, each sampling period. They are the scheduling variables used to determine
what operating point the system is currently in and to enable the controller to apply a specific couple
of constant values d,, and 6., of the appropriate look-up table. The rest of the implementation
process is exactly the same.

Finally, it is worth mentioning that since the number of combinations of the voltage difference
variable signs is eight, the look-up table (or each table of the family of look-up tables if the second
approach to consider varying operating conditions is used) should be composed of eight couples of
values such that each couple corresponds with a particular area of those ones described in Table II.
In this way, it is possible to choose the appropriate couple of values to balance the voltages in a
correct way at the beginning of each sampling period.

Figure 5 shows the schematic block diagram of the proposed voltage balance controller. The
three different approaches considered to deal with varying operating conditions of the system are
illustrated in the figure.

6. PERFORMANCE EVALUATION

In this section, the evaluation results of the grid-connected converter performance under the voltage
balancing method proposed to cope with the problem of the dc-link capacitor voltage imbalance
are shown and discussed. To than end, the equations of the dynamic model of the five-level DCC
[45] together with the proposed controller have been implemented in Simulink under MATLAB
environment, carrying out a simulation. Besides, the controllers proposed in [50] have been included
with the goal of regulating the instantaneous powers as well as the total dc-link voltage. It is worth
stressing that the simulations are directly based on the continuous model of the five-level DCC, so
no switching strategy is required.
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Figure 5. Schematic block diagram of the proposed voltage balance controller.

The values of the parameters used in the simulation are summarized in Table I. The simulation
has been carried out in discrete time with a sampling time set to 200 ps. It is important to note
that the sampling time is lower that the period of the sinusoidal terms of the disturbances, defined
by (16). The period (16), which is also known, is used to implement the proposed voltage balance
controller, since it determines when should the signs of the variables (17) be evaluated.

The design of the proposed voltage balance controller has been worked out considering only the
operating point described in Table I. Consequently, the different design steps of this controller have
been carried out in order to operate at the system conditions defined by p* = 4083.3 W, ¢* =0
VAr and v}, = 700 V. Therefore, the specific couples of values ¢, and d,, of the look-up table
defined in Section 4.3 have been off-line calculated exclusively for these particular system operating
conditions. Concerning the other controllers implemented in the system, that is, the instantaneous
power and total dc-link voltage controllers, their design parameters are shown in Table I'V.

Nevertheless, the simulation considers different and varying operating conditions. Specifically,
during the simulation carried out some of the system parameters have been suddenly modified.
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Table IV. Design parameters of the instantaneous power controller and of the total dc-link voltage controller.

Design parameter Value
Instantaneous power controller constants (kp, kq) 5-1077
Total dc-link voltage controller proportional gain (kpr) 0.2
Total de-link voltage controller integral time (77,,;) 0.1

Thereby, the load at the dc link has been changed at t = 0.3 s first (R moves from 120 2 to 80 €2),
so the value of the reference of p* in steady state has been also abruptly modified. Note that the
instantaneous active power reference can be approximated in steady state by

o Y

p* o~ R 40)
Then, an instantaneous reactive power reference step from ¢*= 0 VAr to ¢* = 5000 VAr at ¢t = 0.8
s has been introduced in the system. In this way, the third of the approaches described in Section
5.1 to deal with the varying operating conditions has been considered, so the control law defined by
(38) has been implemented in this case.

It is worth stressing that the third of the approaches of Section 5.1 is defined to be used
only for changes of the steady-state instantaneous active power reference p*, when ¢* = 0. This
situation occurs when the first of the modifications previously mentioned of the system parameters
is introduced. Nevertheless, this approach is not defined to be used when the instantaneous reactive
power reference step appears in the system. Even so, under these new conditions, the proposed
controller has continued using the same look-up table of values. In this way, the present simulation is
mainly focused on the analysis of the parametric robustness properties of the controller with respect
to changes of the operating conditions, when the controller has not been designed considering the
new operating conditions. Thus, the simulations are carried out in order to illustrate that when the
changes introduced in the system operating conditions are not extreme (with respect to the operating
point used to design the controller), the proposed controller can work correctly without the necessity
of considering either the first approach or the second approach detailed in Section 5.1.

6.1. Simulation results

The evolution of the instantaneous powers and of the total dc-link voltage is illustrated in Fig.
6, when first the load step, and then the instantaneous reactive power step, appear in the system.
Beginning with the behavior of the variables p and ¢, both instantaneous active and reactive powers
track very quickly their respective references. Concerning the behavior of the total de-link voltage, it
presents a decrease when the load changes, but it subsequently tends correctly towards its reference,
achieving v}, in a short interval of time. Therefore, the controllers regulate correctly these three
variables. Note also that the variables require different time to achieve their respective references,
when the load is modified. In this way, the instantaneous power dynamics are much faster than
the total dc-link voltage dynamics, so the assumption regarding singular perturbations considered
in [33] to derive the approximated model (12)-(14) is well grounded.

Finally, the time evolution of the voltages of the dc-link capacitors is illustrated in Fig. 7. The
capacitor voltages present highest values of their voltage deviations with respect to the capacitor
voltage reference v, which is defined by v} = 175V, after the changes of the operating point. Note
that since in the five-level DCC there are four capacitors in the dc link, their reference voltages
are defined by a quarter of the total dc-link voltage reference, that is, by v; = 175 V in the present
simulation. Therefore, the deviations are still admissible, because they are lower than 5% of the
voltage reference v). In addition, the four variables are kept close to their reference value at all
times, so the controller avoids the uncontrolled rise or fall of the capacitor voltages. In view of
this, the voltage balancing method proposed in this paper for the three-phase five-level DCC seems
to be a robust controller, assuring a solid performance of the converter under varying conditions
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Figure 6.Behavior of the instantaneous powers and of the total dc-link voltage, considering varying
operating conditions.

of operation, as long as the changes in the operating point are not extreme. Notice that only the
parameter (39) of the control law (38) is proportionally adjusted during the simulation, and only
when the load is modified.

Remark 3

In order to illustrate clearer the requirements for a voltage balance controller, Fig. 8 depicts the
evolution of the dc-link capacitor voltages considering the operating point described in Table I,
when the controller proposed in this paper is disconnected from ¢ = 0.1 s to ¢ = 0.15 s. In this
figure, it can be seen that the capacitor voltages start to fall or rise in an uncontrolled way at ¢ = 0.1.
However, when the controller is connected to the system again at t = 0.15 s, these voltages are
rapidly controlled, beginning to move towards their reference value v and remaining fluctuating
finally around this value. Hence, a good voltage balancing is ensured.
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Figure 7. Behavior of the dc-link capacitor voltages under the proposed controller, considering varying
operating conditions.

7. CONCLUDING REMARKS

This paper have dealt with the voltage imbalance phenomenon present in the dc-link capacitors of
five-level DCCs. To than end, the approach adopted has been based on ensuring the practical stability
on the outputs of a nonlinear system under the presence of external disturbances. Then, several steps
have been carried out with the goal of designing the controller. A salient feature of the controller is
that it exploits the knowledge and the properties of the disturbance patterns to regulate the capacitor
voltages, without canceling the disturbances of the system. Although the controller design is not
simple, its implementation is not complex and presents lower computational cost than other voltage
balancing strategies. Besides, it does not require additional elements, which is a relevant feature.
Simulation results have validated the effectiveness of the controller to balance the dc-link capacitor
voltages under different and varying operating conditions.
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Figure 8. Behavior of the dc-link capacitor voltages, when the proposed controller is disconnected from

t=0.1stot=0.15s.
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