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Abstract

This paper addresses the problems associated with thaldcdpacitor voltages of the three-level neutral-poiargbed power
converter: the imbalance of the capacitor voltages as wel@ presence of an ac-voltage low-frequency oscillatiché dc link

of the converter. In order to cope with them, a mathematicalysis of the capacitor voltageffirence dynamics, based on a direct
average continuous model, is carried out, considering guan perturbation approach. The analysis leads to a finalession
where a sinusoidal disturbance appears explicitly. Camnsetty, the two problems can be handled together using ttimany
formulation of a problem of regulating the output of a systmject to sinusoidal disturbances, applying classicatrobtheory to
design the controller. In this way, the controller is desigimcluding the disturbance estimate provided by a Luaydraybserver
to asymptotically cancel the disturbance, while keepisg alalanced the capacitor voltages. Experiments for a sgnohs three-
level neutral-point-clamped converter prototype areiedmut to evaluate the performance and usefulness of thesgenworking

as a grid-connected inverter under the proposed control law

Keywords: Multilevel power converter, neutral-point-clamped (NR©@)verter, voltage balancing, disturbance rejection,
Luenberger observer

1. Introduction guaranteed. The voltage imbalance problem, that produces a
voltage diterence between the capacitors causing undesirable

In the field of power conversion, more specifically in the distortion at the converter ac side, has been widely ingatd
three-level neutral-point-clamped (NPC) convert#, fthere  for this topology L2, 13]. Some modulation strategies provide
exists a phenomenon concerning the presence of sinusdsdal dnatural voltage balancing. Nevertheless, in any other, cabse
turbances: a low-frequency voltage ripple is present iméie  ditional control éfort is required. Significant results concern-
tral point of the dc link 2, 3]. Concretely, the voltage flerence  ing the implementation of distinct voltage balancing teégbes
of the dc-link capacitors fluctuates at three times the fomefa  have been achieved4, 15, 16, 17]. Among these techniques,
tal frequency of the ac-side voltage. Note that, in this topo some are based on the exploitation of the redundant swgchin
ogy, probably the most extensively applied at present teull  states of the convertet . In other words, they are based on
topology #, 5], the dc link consists of two capacitors. Thus, if the use of those fferent positions of the converter switches
the converter is connected to the grid, the ac-voltage faiin ~ that lead to the same generated voltage, but they caffeestit
has a frequency of 150 Hz, that isx®%0 Hz. effects on the capacitor voltages.

This phenomenonfkects the balance of the capacitor volt- Therefore, there are two problems associated with the dc-
ages, and although, based on results reported by other riak capacitor voltages of the three-level NPC convert@ithe
searches, it does not limit the usefulness of the conveoter f voltage imbalance of the dc-link capacitors and (ii) thespre
practical applications, it represents a significant draskisince  ence of the ac-voltage low-frequency oscillation in theidk.|
the capacitors must be designed to stand the oscillatiotiidn  This paper addresses both problems, considering a coninuo
way, several strategies have been propoéed][to cope with  model of the converterlD], which includes the dynamics of
the problem, including the use of novel modulation techagju the voltage dference between the dc-link capacitors. Focusing
[8], or improving the performance of others previously consid on these dynamics, a mathematical analysis of their behavio
ered P], to name a few. Important research is still being madecarried out, under the assumption offdient time scales, that
in this field considering various approach&$,[11]. it, adopting a singular perturbation approactrhis analysis

In addition to the elimination of the neutral-point voltage ~ yields an approximated model where a sinusoidal function of
cillation, the balancing of the dc-link capacitor voltagesich  time whose frequency is three times the fundamental fregyuen
is the main technical challenge of the NPC topology, shoeld b of the ac-side voltage appears explicitly. Consequertéy/ito

problems related to the dc-link capacitor voltages can lme ha
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Figure 1: Grid-connected three-phase three-level NPGtierve
dled together using the conventional formulation of a peabl [37, 38). This observer is then incorporated in the con-

of regulating the output of a system under the presence of si- troller.
nusoidal disturbance®?®, 23], applying also classical control

theory to design the controller. In this manner, the analysi- In this paper, considering the approximated model derived
vides, compared with the strategies usually consideree#b d from the analysis of the converter dynamics, an asymptagic d
with these problems, an alternative control approach. turbance rejection approach is considered. Thus, thealtertr
proposed implements a Luenberger observer to estimatésthe d
1.1. Rejection of sinusoidal disturbances turbance. Then, the disturbance estimate is used to asympto

The efectiveness of a system can be seriously deterioratelfa!ly cancel the sinusoidal disturbance, including afspar-
by the presence of sinusoidal disturbances. In the fieldwgpo allel another control action for ensuring the regulatiortre
electronics, some well-known examples are the harmonic cuf@Pacitor voltages as well.

rents generated by non-linear loads in systems that incaigo !t IS important to point out that this paper is an extension
rectifiers such as variable speed drives or uninterrupioteer ~ ©f the work presented in3f], showing some remarkable dif-

supplies P4}, and the harmonic current in the neutral conduc-f€"€Nces and improvements. In that paper, the mathematical
tor of four-wire three-phase dc-ac converte2s|] However analysis is formulated in a NPC rectifier for a particularmpe

sinusoidal disturbances also appear in many other engigeer &ting condition. Nevertheless, in the current paper, tfayan
applications such as active noise and vibration contrdesys SIS IS carried out considering the inverter operation méede}-
[26], optical and hard disk drive], helicopter rotor blades "9 t0 @ general result valid for any converter operatingipoi
[28], and dc and stepper motor2g], among others. In addition, experimental results for a synchronous tr_pbqse
Even though the problem of identifying and asymptotically1ré€-level converter prototype are included, corrobogain
rejecting sinusoidal disturbances has been widely stuolied thls_mannerthe mathematical analysis worked out. Corahgsi
the years, it continues attracting special intergét 81, 32]. In derived from the study of the frequency spectrum of the capac

what follows, some control approaches considered to detl wi 'OF Voltage diference also are discussed in this paper.
this problem are mentioned: The outline of the paper is as follows. First, the model of

the converter is described in Sectignand the control objec-

1. One of the most popular methods is based on the interndives to achieve are stated in Secti@nThen, Sectiordt is de-
model principle B3). This property states that, to achieve voted to the analysis of the dc-link capacitor voltag&eatence
perfect cancelation, any regulator which solves the probdynamics. Afterwards, Sectioh presents the proposed con-
lem in question should incorporate in the feedback a redutroller, which is based on the disturbance estimation edmut
plicated model of the dynamic structure of the disturbancdy & Luenberger observer. Simulation and experimentaltsesu
which must be tracked aymt rejected. obtained with a laboratory converter prototype are disediss

respectively, in Sectiofi and in Sectiorvy. Finally, some con-
2. Adaptive control techniques are commonly used when thelusions are presented in Secti@n

disturbance parameters are unknown, applying the esti-
mate of the disturbance to reject the disturbance at the in-
put of the p|ant$4, 35, 36] 2. Model of the SyStem

3. Other approach proposed solves the posed problem by Figurel illustrates a schematic diagram of the three-phase
implementing an adaptive observer of the disturbancehree-level NPC converter working as an inverter connetded
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the grid, which is the setup considered in this paper. Theéc |
of the converter is composed of capacit@sandC,, both of

same capacitand@. Their respective voltages are represented Variable Description
by v¢, andve,. Besides, the total dc-link voltage is defined by

Table 1: Variables of the system model.

Vge. Phase voltages are denoted\ay, vsp andvs,, and the o Ip Phase currents
phase currents in the inductdrsy i, ip andic. Notice that no Vo Vg Phase voltages
fourth wire is introduced in the circuit. s Op, Oy Control inputs
The voltages generated in poirgtsb andc, with respect to Vd De-link capacitor voltage dierence

dc-link neutral pointo, are denoted by,, v, andv,, respec-
tively. These generated voltages depend on the switchéingsst .
of the converter, which are determined by the set of discretd- Control objectives

values of the gating signad, 5y anda;, as follows As pointed out before, this paper addresses the problems as-
1 — Sion Shon — v =y sociated with the dc-link capacitor voltages of the threesl
NPC converter. With the aim of overcoming them, two specific

=y 0 - S? off, sz on - v =0 () control objectives are stated:
-1 | off, S, off = - . . .

_ - Spof, S;off = v Vez, 1. The dc-link capacitor voltagefierencevy should be kept
fori=a,b,c. close to zero, remaining within a domain containing zero.
Considering this preliminary description, the model of the ) ) )
three-level NPC back-to-back converter presented18] fs 2. The low-frequency voltage ripple present in the dc-link

adapted to the three-level NPC inverter application of the  neutral point should be reduced to an acceptable level.

present paper. This model is based on a direct average of the ¢y cerning the first control objective, it entails the picat
characteristics and waveforms a_ssouated with eag:h ofatime ¢ stability [40] of the system. This concept, also referred to as
ponents of th(_a converter. Besides, the control inputs of the . -ia boundedness]], deals with the boundedness proper-
model are defined by, J andde, and they represent the av- yeg of the state of a dynamic system. This requirement is due
eraged values of the gating signaly (n a switching period. 5 t5ctors such as component imperfections, transientther
Because these control inputs are implemented through amodyy 4 ances in the convertetd]. Moreover, it is also related to
lator to obtain the gating signals, they should be locatdtlimi ¢ 50t that the positions of the power switches of the crave
the domain are restricted to belong to a finite sd#].

Dy, € R® := Dg, x D, X Ds,, (2) With regard to the second control aim, it is defined to ensure
a good performance of the converter. Note that if the sirdadoi
disturbance is neglected and no control method is devoted to
mitigate its éfect, there is an increase in the power losses of the

orthogonal coordinates by means of the power-invarianhfor sylsttgm,;‘t:g t?reeopﬁra;[;]nagi ![Ir:?eroef ;Teocspafltggiligregizzel
of the Clarke Transform, describes the dynamics of the phase IS W Stressing S0 eXISIS

currents and of the voltageftérence between the dc-link ca- Jegt'\éfs (\)Aflrt]rlﬁahtr??enefjehgegrﬁi "_:_ relation to the instantaseou
pacitors. It is defined by powers phase circuit:

whereDs, = [-1, 1] fori = a, b, c, to generate correctly the
switching sequence.
As a result, the inverter model, expressed in stationgy

. 52 _ 52 3. The instantaneous active and reactive powers, denoted by
d'a VdC 6n6y @ B . .
L— = —Vy+6,— + + Vy 3) p andq, respectively, and defined as
dt 2 V3 26
p = Vsaia + Vsb|b + Vscic = Va,ia + Vﬁlﬁ (7)
di V, 030 040
L—ﬁZ—Vﬁ+6ﬁ£+(ﬂ— I'B)Vd (4) 1 . . .
dt 2 V3 V6 q= % ((Vsa— Vsb) ic + (Vsb = Vsc) ia + (Vsc — Vsa) ib)
.2 (Saia + Spig) & = Vaip = Vgia, @
dt V3 \ele 8l5) Oy
1 (5) should be driven to their respective referenpeandq®.

“ ((62 = 6) 0 — 26005i)

wherevy is the dc-link capacitor voltage fierence

Remark 1. Although the rest of the paper is focused on the
first two control objectives, it is necessary to design sothero
control loop, because the third control objective shoulditso

Vd = Vg, — Ve, (6)  fulfilled. In the following, it is assumed that there exist-ce

Notice that the phase currents and the phase voltages ase tratain appropriate controller that deals with the regulatiohthe
formed fromabc into aBy coordinates, yielding the current Vvariables p and g. Specifically, the control inputsanda, are
variables, andiz, and the voltage variablag andvg, respec- used to this end. In this manner, the control inpytremains
tively. Moreover, the control inputs also are transformemi as a degree of freedom for coping with the voltage imbalance
ba, 6 ands,. Tablel summarizes the variables of the system. problem and with the reduction of the low-frequency ripple.
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4. Analysis of the converter dynamics wherel; andA, are the constant parameters defined by

This section is devoted to analyze the dc-link capacitot-vol Ay = 2 (1 _ 2nf Lq*) (17)
age diference dynamicsj, with the purpose of studying the Vdc IVasl?

phenomenon of the voltage ripple that is present in the akutr AnfLp
point of the dc link. In order to work out this mathematicadbn A, = 5
ysis, an essential assumption related to a singular peatiorb VadVasl

approach is first posed§]. Both parameters; and, are included in the expressioris]

. . _ and (L6) for simplifying the notation used.
Assumption 1. The instantaneous power dynamics are much ginaly moving on to the dynamics under analysis, introduc

faster than the dc-link capacitor voltagefféirence dynamics. ing (11)-(16) in (5), and considering some trigonometric iden-

(18)

Concerning this assumption, it leads to suppose in order fgues and the constanjs andy, defined by
study the behavior of5) that the instantaneous powers have Vegl/ o 5
been correctly regulated around their respective refenc M1 = %(41 + /12) P2+ (19)
p=p (9) —(2-28) p + 21020
a=q. (10) p2= (20)

(Z-22)q + 20u12p
To that end, an appropriate controller that uses the infts ) i
and s to control the instantaneous powers is assumed to b€ reduced expression defined as follows
implemented in the system. dvy 4p* )

Besides, since the previous assumption is related to the iff« 5 = AV dy + p1sin(3- 2nft + 30 + arctan(uz)) , (21)
stantaneous powers, but the voltag&atence dynamicsbf de
contain the current termi, and ig, the analysis begins ex- is derived. This result is the final expression of the analysi
pressing these dynamics in terms of power instead of currentarried out, and it represents an approximated moded)oflt
Thereby, according todf and (LO), the phase currents are ap- addition, notice that41) corresponds to the dynamics that de-

proximated, considering) as well as §), by scribe the internal behavior of the system when control ipu
d, anddg are chosen to guarante® @nd (L0). Consequently,
o > — (va* - vﬁq*) (11) the approximated model is related to the zero dynamics of the
Nagl system 4]
Ip = e (Vep™ + vaer)., (12) " 4.1. conclusions and problem statement

defining in this manner a change of variables. It is important The final expressior() obtained is a general result valid for

to mention that the phase voltagesj# coordinates can be ex- any_operatlng point of the system, i.e., for any desqede/alﬁj
pressed as the instantaneous power references. Furthermore, it sthas

under the assumption of a singular perturbation approaeh, t
Vo = Vgl COS(27 ft + 6) (13)  highly nonlinear dynamics of the dc-link capacitor voltatye
ference defined bysj can be noticeably simplified. The analy-
sis yields a linear dierential equation that depends on control
wheref and|v,g| are, respectively, the frequency and amplitudeNPUt &y and that _also contains a sinusoidal function _of time
of these variables. Parametgis the phase. whose frequency is three times the frequency of the grid.

In the same way, concerning inpuis anddg, their expres- This sinusoidal function represents, in the approximated
sions are obtained introducingl) and (L2) in the phase current  M0del derived from the analysis, the low-frequency voltage
dynamics, that is, ind) and @), and assuming that the capacitor P& that is present in the neutral point of the dc link and that
voltage imbalance is small, i.e44 =~ 0. Note that §) also de-  &Tects the balance of the dc-link capacitor voltages. Theegfo
pends on these control inputs, which regulate the instaots1  SiNCe this sinusoidal disturbance appears explicitly2) (it
powers of the system. Consequently, control ingijtandes,  |€ads to rewrite this final expression as

Vg = Vaplsin(2rft +6), (14)

can be described by

c % = ke, + 6(1) . (22)
O0q = N1V, — /leg (15)

Parameteky is the following constant
(Sﬁ =~ /llvﬁ + AaV,, (16 4

p*
kg = , (23)
\/:_))Vdc

2In [39], a mathematical analysis of converter model is formuldteche ) ) . . )
particular case wheg® is set to zero to guarantee a power factor close to theandg(t) is the sinusoidal disturbance defined as
unity. Nevertheless, the analysis carried out in the pitgsaper is completely
general, that is, it is valid for any converter operatingnpoi o(t) = uzsin(3- 2rft + 30 + arctan(uy)) . (24)



Notice that 22) takes the form of the formulation of a prob- y € R is the output, and € R is the control input. The matrices
lem of regulating the output of a system in presence of disturA € R¥>3, B € R>! andC e R are, respectively, the state,
bances22, 23], for the linear case. In this way, to achieve the input and output matrices

control objectives in order to satisfactory cope with thelpr -

lems associated with the dc-link capacitor voltages, cbttie- 0 é 0 _% 1

ory can be applied to design the controller. This resultchvig

a key point of the paper, provides a new approach to cope with = | 0 0 11.B=| o [, C=|0].(28)
the problems addressed in this work. 0 —@B-2rf)> 0 0 0

Remark 2. An important observation is that the classical con-
cept of output regulation means that, for all possible alition-
ditions of the closed-loop state variables, the error betvthe
system output and the tracking reference should tend toazero
time tends to infinity. However, in this paper, it is not aimed
for vy(t) - Oast— . The requirements are related to the
practical stability of the dference between the capacitor volt-
ages. Consequently, the control goals are related to a probl
of practical output regulation45].

Since the observability matrix oR6) is full rank, system
S is observable. Thus, it is possible to use the system input
and output to construct an estimate of the state vector. isn th
way, the second step is the design of a state space observer to
estimate the sinusoidal disturbance. Specifically, a Lasygr
observer, denoted hY,, is considered in this paper, assuming
that the dc-link capacitor voltageftérence is measurable. It is
defined by the equations

X= AX+Bu+L(y-9)
] So: (29)
5. Design of the controller y = CX,

The design of the controller to meet the control requirementwherek € R? is the estimated state vector described by
is based on the approximated model derived from the analysis o T
of the converter dynamics. Considerirp), the control algo- X = [ X Xpy  Kg ] ' (30)
\r,:/t;\m tFr)::z(i)nsuego?c(lj;pc}?s'i?lfatrl:(r:zagfctehreejaecufonxﬁ]g)gtrggﬂ];lI ithe estimated outputis€ R, and the observer gain matrix, with
Y PP dimension 3« 1, is represented bly. The rest of variables and

estimated by a state_ space o bserver, _and this estimatt_anis thSaramet(::rs have been already defined2i).( Consequently.
applled_ to as_ymptotlcally reject th? Q|sturbance. .Besldaes the estimate of the disturbangé) corresponds to the variable
proportional-integral (PI) controller is implemented iargllel %, Of the observer state vector
. . . :
to ensure the regulation of the capacitor voltages. The motivation for considering a Luenberger observer is the
o . . . simplicity in the design and implementation of this statac
5-1. Estimation Of_ the smusqdal dlstur.banm.a . observer, compared with other possible disturbance estima
In order to estimates(t), i.e., the sinusoidal disturbance approaches. Once the sinusoidal disturbagdpié expressed
present in £2), the first step is to express that equation as thés an harmonic oscillator defining syste$n this augmented
augmented linear systefhdescribed by linear system is observable and the application of the ebser
. 1 is direct, only requiring an appropriate selection of thkuga
Xd = & X, — kay . ; .
¢’ C of the elements of the observer gain matrixNotice that these
S:d X =% (25)  elements should be chosen in such a way that the observation
’ 2 error dynamics are faster than the dynamics of sysfem

X¢2 = _(3' Zﬂf)z Xpy -

The capacitor voltage fierencevy is represented byy, while
variablesx,, andxg, are the sinusoidal disturbangé) and its
derivative over time, respectively. The system inpuepre-
sents the control input,. In this manner, syster§§ describes
the dynamics of Z2), exploiting the knowledge and proper-

5.2. Control Law

Finally, considering the disturbance estimate providethiey
observer, the proposed controller applies this estimatme s
variable to asymptotically cancel the sinusoidal distadesthat
appears inZ2). The control law is defined as follows

ties of the disturbance, particularly, the fact that itgjfrency, 1 t ~
which is three times the frequency of the grid, is known. Oy = Tk (k(\/g ~va) + K f(vg - vg)dr - X¢1)' (31)
Considering that the output of the system is the variable . ° )
the state space representation of sysgis In this way, the controller also includes a PI-type contmtian,
wherek is the proportional gain arlq is the integral gain. Both
_ X = Ax+Bu gains are customary tuning parameters. Notekjat the con-
St y = Cx, (26) stant defined previously ir2g), andvy is the dc-link capacitor
voltage diterence reference, which is set to zero.
wherex € R3 is the system state vector defined by Figure 2 depicts a schematic block diagram of the system,
T taking into account the final expressid?) of the dc-link ca-
X = [ Xd Xpr  Xg, ] , (27)  pacitor voltage dterence dynamics, when both the controller



Table 2: Simulation parameters for the three-level NPC edav.

i Parameter Value

Sampling frequencyft) 5.6 kHz
Switching frequency fsw) 5.6 kHz
Grid frequency ) 50 Hz
Phase voltages/{s, Vsp, Vsc) 230 Vrus
Total dc-link voltage Vqc) 800 V
Inductors () 3.5 mH
Capacitors €1, Cp) 1100uF
Instantaneous active power referenpg) ( 10 kW
Instantaneous reactive power referengg ( 10 kVAr

] ] ] ) Table 3: Design parameters of the voltage balance contraie of the instan-
Figure 2: Schematic block diagram of the controller with hberger observer.  taneous power controller.

. . Design parameter Value
and the state observer are implemented. The matrix R>3 _
. \oltage balance controller proportional gak) ( 1
defined by
\oltage balance controller integral timig 25
H= [ 01 0 ] , (32) Instantaneous power controller constarkis kg) 4.10°°

is introduced to select the estimate of the disturbance,isha
the state variablg,, of the observer. 20

101 8

Hesar A A
This section is devoted to demonstrate tiieaiveness ofthe = _;4| , |

proposed controller, which is designed with the goal of firac

cally stabilizing the voltage ffierence between the dc-link ca- =29, 0.02 0.04 0.06 0.08 ol

pacitors, while attenuating the sinusoidal disturbanesgnt in Time (s)

the neutral point of the dc link as well. For this purpose, the _ . _

inverter configuration of the three-level NPC converternvaho Figure 3: Evolution ofvy (solid) applying the proposed controller, and refer-

. . . ence valuesy (dashed) of this variable.

in Fig. 1 together with the proposed voltage balance controller

have been implemented and executed under PSCAD environ-

ment. The modulation strategy introduced to generate the gagpserver have been placedsh, , = —9-2xf. Thus, these poles
ing signals of the converter is the space vector modulatien p gre much faster than the poles of the system, but they are slow
sented in 46). The values of the system parameters consideregnough to be well suited for the sampling period.
in the simulation are summarized in Taldle Figure 3 illustrates the behavior of the variablg, that is,
Itis worth stressing that the system requires other cdetrol the time evolution of the voltage fierence between the dc-link
to regulate the instantaneous powers, as stated in SE&toN  capacitors. In this way, variablg is kept close to zero at all
view of this, the proportional-type direct power contrala$i  times, guaranteeing a solid voltage balancing. In addition-
egy proposed in{7] is adopted, and itis also implemented and cerning the second of the control objectives described & Se
executed in PSCAD. The design parameters of this controllefo 3, that is, the attenuation of the voltage ripple at three sime
together with those of the proposed voltage balance cdetrol e fundamental frequency of the grid voltage, notice tipat a
are illustrated in Tabl8. These parameters are selected in SUdeying the proposed controller there is no frequency coraen
a way that the assumption offtérent time scales mentioned in he frequency of the disturbance, i.e., at 150 Hz, as candre se

Section4 is well grounded. in Fig. 4. Hence, the second control objective is also achieved.
Besides, it should be mentioned that the values of the compo-

nents of the gain matrik of the state observeR) are chosen

such that the poles of the observer are faster than the pbles @. Experimental verification

system 26). SystemS has three poles: a pair of complex con-

jugate poles; » = =3-2xf j, which are pure imaginary poles, In order to validate the simulation results obtained before
and a real pole placed at the origs, = 0. Because the value some experiments have been worked out. To than end, the
of the grid frequency is 50 Hz, and the simulation has been cab0 kVA laboratory prototype of the three-level NPC converte
ried out with a sampling frequency oftbkHz, the poles of the shown in Fig. 5 has been used as inverter, connecting the ac
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6. Simulation results
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Figure 4: Single-sided amplitude frequency spectrum ofditdink capacitor
voltage diference.

Figure 5: Laboratory prototype: 50 kVA three-phase thex@l NPC converter.

side of this converter prototype to the grid. In addition,ig-d
ital implementation of the controllers has been executed in
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(a) Evolution ofvy (solid) applying a conventional Pl controller, and refern
valuevy (dashed) of this variable.
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(b) Evolution ofvy (solid) applying the proposed controller, and referendeeva
v (dashed) of this variable.

Figure 6: Behavior of the éfierence between the dc-link capacitor voltages
during the experiments carried out.

purpose of achieving the capacitor voltage balancing, doés
include any estimate of the sinusoidal disturbari2z4.( Be-
sides, identical tuning parametdeaandk; have been used for
both controllers. They are illustrated in Taldgtogether with
the parameters of the instantaneous power controller aiso i
plemented in the system.

Figure6 depicts the evolution of variablg. The two voltage
balance controllers considered show solid performance con

TMS320VC33 floating point DSP homemade board running ateming the requirement of practical stability of the systee-

50 MHz. From the control action calculated by the DSP board

the gating signals of the converter power switches are gésebr

cause the voltage fllerence is kept close to zero. The results
obtained are better when the disturbance estimate of the sta

by programmable gate logic devices. Besides, the samensyst&,yseryer is included in the control law, singeremains around

parameters described in Taldlas well as the modulation strat-

egy considered in the previous section have been used in th&tarancar
experiments. It is worth noticing that due to the low computa

tional cost of the modulation strategy consideré€][there is
no need of special software optimization of the controllsos
they can be directly implemented in the system.

zero presenting lower voltage deviations with respect ® th
4~ These voltage deviations are lower that approx-
imately 10 V, so they represent, in the worst of the situatjon
2.5% of the reference of each dc-link capacitor voltageotksh

by v;. Note that, in the three-level NPC converter, there are two
capacitors in the dc link, s¢ is defined by the half of the total

The experiments are focused on the analysis of the steady_jink voltage, which is in this casés. = 800 V.

state response of the system. In particular, the behavitireof
dc-link capacitor voltage tlierence is studied, comparing the
experimental results obtained when twdelient control algo-
rithms are applied. The first one is the control method predos
in this paper, which is based on a disturbance rejectionoubr
and is developed in Sectidh The second one implements the
conventional PI controller defined by

o (k(vg—vd) + kifot(v:,—vd)df).

Consequently, this Pl controller, which is also appliedwiite

1

5 (33)

However, the main diierence between the application of ei-
ther the proposed controller or the conventional Pl colgrol
is related to the attenuation of the low-frequency ripplesent
in the dc link, which is the main benefit of the controller pro-
posed in this paper. Figui@llustrates the amplitude frequency
spectrums of the variablg. Considering the controller based
on the disturbance rejection approach, there is a very itapbor
reduction of the frequency content at the frequency of tke di
turbance, thatis, at 150 Hz. In this way, there is almost @cex
disturbance cancelation, as can be seen in'Kig). In contrast,
when the PI controller is implemented, the frequency cdraen
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8. Conclusions

OLMMMIIIIMMMHMMM This paper has coped with several problems associated with

0 150 300 450 600 750 900 1000 the dc-link capacitor voltages of the three-level NPC corare
Frequency (Hz) Specifically, it has coped with the imbalance problem of the
(b) Single-sided amplitude frequency spectrunvgfwhen the proposed con- capacitor voltages and with the problem of the presence of a
troller is implemented. low-frequency voltage ripple in the dc link. Consideringoane

_ _ _ _ tinuous model of the converter, an analysis of the converter
Figure 7: Single-sided amplitude frequency spectrums efdiference be- dynamics has led to an approximated model that allows treat-
tween the dc-link capacitor voltages obtained experintignta . . . .

ing both problems together using the classical formulatiba
problem of regulating the output of a system subject to distu

that particular frequency is much higher, since the coleras bances. This key result facilitates the design of the pregos

not designed to mitigate thefects caused by the disturbance. controller, which is based on an asymptotic disturbancecrej
Essentially, this result is due to the fact that the Pl cdtero ton approach. . . _
does not incorporate in the feedback any specific redupticat ~Focusing on the experiments carried out, the results cédain
model or approximation of the dynamic structure of the distu Nave proved the solid performance and usefulness of the pro-
bance to rejectd3]. Therefore, the proposed control method Posed controller, which is able to carry out the balancing of
provides better results, and it is able to deal with the pEois the dc-link capacitor voltages, achieving almost an ex#st d

associated with the dc-link capacitor voltages of the caeve  turbance cancelation. It also has been shown that if no spe-
Besides, regarding the evolution af depicted in Fig.6(b) cific action is introduced to reduce the dc-link voltage tgp

and the one that this variable presents in a simulation envir its damaging fiect is not mitigated. Besides, it should me men-

ment in Fig.3, note that both show quite similar behaviors. Thetioned that the impl_ement'c_lt_ion of the C°””°”eY Is _ndﬁdUIt
voltage deviations ofy with respect to its reference are some and does not require addltlongl eIer_nenFs, which is a retevan
volts higher in Fig. 6(b), but this is a typical situation when feature, and that the computational time is low.

comparing real and practical cases with idealised ones.-Add

_tionally, the mitigation of the dc-link \{oltage r.ipple i;hieved Acknowledgments

in the experimental test as well as in the simulation. Hence,

the ex;l)erim:n(';akljreSL:Its obtainec:)serve trc]) vaIida;}te thpgs:tfd This work has been funded under grants MICINN-FEDER
control method but aiso to corroborate the mathematicat anapp|509.09661 and Junta de Andalucia PO7-TIC-02991.

ysis carried out previously in Sectieh supporting in this way

the approximated modeR®) valid for any converter operating
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