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Multilevel Topologies-Prototype : Description and Modeling

Paisan Boonchiam

Abstract

Multilevel Topologies are studied in this
paper. These static converter can generate three
or more levels in each output phase, and are
generally applied to high-power applications
because of their ability to operate with larger
voltages than the classical two-level converter.
The analysis is mainly focused on the three-
level topology, although there are also some
contributions for converters with a larger
number of levels. The main objectives are to
show the prototype and modeling of multilevel
converter.

Index Terms — Multilevel Converter,
Modeling and Control.

1. INTRODUCTION

In recent year, there has been a growing
interest in power electronics systems. One reason
for this is the increasing utilization of electric and
electronic equipment, not only for industrial in
improving the efficiency of systems, besides the
expansion of the application of renewable energies.
This growing demand has favored the development
of new power electronics devices, as well as novel
power converter topologies.

For high power applications, voltage and
current must be pushed up. Hence. maximum rating
of power semiconductors become a real handicap.
Paralleling devices, subsystems or systems leads
to higher current levels. On the other hand. series
connections are the solution for dealing with larger
voltages. Nevertheless, given a chain of devices
connected in series, achieving static and dynamic
voltages applied to the devices is clamping those
using DC voltage source: or large capacitors, which
transitorily behave as voltage source. Multilevel
topologies are based on this principle,and therefore,
the voltage applied to the devices can be controlled

Department of Electrical Engineering, Faculty of Engineering,

and limited. An advantage of multilevel converters
compared with the classical two-level topology, is
that the output voltage spectra are significantly
improved due to having a greater availability of
voltage levels. Hence, the output voltage can be
filtered with smaller reactive components, and
additionally, the switching frequencies of the
devices can be reduced. These two benefits,
together with the ability to deal with high voltage
levels, confer on multilevel converters a very
important role in the field of high power appli-
cations.

This paper shows an extended intro-
duction that describes and discusses the main
multilevel converter topologies. At the same time,
it describes the prototype used for the experimental
results presented in this paper, which is a part of
energy system. In addition, the diode-clamped
multilevel converters are modeled so that
commutated and average models can be used for
simulations. An averaged small-signal model of the
three-phase converter is described for the design
of control loops.

2. MULTILEVEL TOPOLOGIES

There is growing interest in multilevel
since they can extend the application of power
electronics systems to higher voltage and power
ratios. Multilevel converters are the most attractive
technology for the medium- to high-voltage range
(2-60 kV), which includes motor drives, power
distribution, power quality and power conditioning
applications.

Multilevel converters can synthesize
waveform by using more than two voltage levels;
hence, the quality of the spectra is significantly
improved compared with the classic two-level
topology. The main drawbacks of the multilevel
converters are that:
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= These topologies require a high number
of switches,

= Their control is difficult because of such
amount of devices, and

= Several DC voltage source are required,
which are usually provided by capacitors. Balancing
the voltage of these capacitors according to an
operating point is a difficult challenge.

Despite these drawback, multilevel.

converters have turned out to be a very good
alternative for high-power applications, since the
cost of the control for these cases is a small portion
of the whole cost of the system. Furthermore, as
prices of power semiconductors and DSPs continue
to decrease, the use of multilevel topologies is
expected to extend to low-power applications as
well. Fast power devices, which can operate at very
high switching frequencies, can be used for low
voltages. Therefore, the values of the reactive
components will undergo significant reduction.
Furthermore, new power devices are expected to
appear in the next some years, and these may also
extend the application of multilevel topologies.
So far, the most actively developed

multilevel topologies are:

= The diode-clamped converter,

= The floating-capacitor converter, and

= The cascaded H-bridge converter.

Other name are used to define these

topologies. For example, when referring to the
three-level diode-clamped converter, it is also called
the NPC converter. This name cannot be extended
to topologies with a higher number of levels
because of the multi-clamped point available. These
systems can operate as inverter or as rectifiers,
depending on whether the energy flux flows from
the DC to the AC side, or from the AC to the DC
side, respectively.

2.1 Diode-clamped Converter

Since its introduction in 1981 by Nabae
et al 1], this three-level diode-clamped converter
has been the most practical and widely studied
multilevel topology. For the general case of an n-
level topology, n-1 consecutive switches of each
leg must be in the on-state. As a result, a defined
voltage level of the series capacitors is connected
to the output. Three single-pole n-throw switched,
as show in Fig. |, can perform as functional diagram
of this converter.
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Fig. 1: Functional diagram of the n-level diode-
clamped converter.

Expression (1) summarizes all of the
possible combinations. The variables s, are the
control functions of the single-pole n-throw
switches. These variables define the position of the
swilches, so that they have the unity value when
the i output is connected to the j point: otherwise
they are zero (_.\-‘_Jz{U.I 1.

S =1 withi={a, b, ¢} (1)

Referring all of the voltage to the lower
DC-link voltage level (*0 reference), each output
consists of contributions by a determinate number
of consecutive capacitors:

= i

Mg = Z -"aj;'zvf';- with i={a, b, ¢} (2)

J=l p=l

When balanced distribution of the DC-link
voltage among the capacitors is assumed:

/ 8 with i={a,b.c} (3)

i) .
=15

Under balanced conditions, the maximum
forward voltage applied to the switches of the
bridge is the voltage of one single capacitor.

The advantages of the diode-clamped
converter compared with other multilevel
topologies are that:

= They use a low number of capacitors.
Although these topologies require some additional
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clamping diodes, their low number of reactive
components is usually preferred from the standpoint
of cost.

= They can be connected to a single DC-
link voltage. The floating-capacitor topology also
shares this advantage, but the cascade converter
does not, since this converter requires multiple
isolated DC power supplies.

Nevertheless, some. practical experience
with this topology reveals technical difficulties that
complicate its application, as follows:

= For topologies with more than three
levels, the clamping diodes are subject to high
voltage stress equal to V_ (n-2)/(n-1). As a result,
series connection of the diodes is required. The
issue complicates the design and raises reliability
and cost concerns,

= The objective of maintaining the charge
balance of the capacitors in topologies with a high
number of levels has been demonstrate to be
impossible for some operating conditions. These
balancing problem appear when dealing with deep
modulation indices and active currents. Therefore,
high AC output voltages cannot be achieved, which
inhibits the most important attribute of multilevel
converters. Significant balancing improvements are
obtained when two or more converters are
connected to the same DC link. These converters
are also used for static VAR compensation circuits
in which no active power is transmitted and the
balancing problem can be handled.

= Although proper control of the three-
level topology overcomes the voltage balance
concern, a low-frequency ripple in the NP potential
appears when dealing with large modulation indices
and low PFs. The maximum voltage applied to the
devices is higher due to this oscillation, and
additionally, it produces low-frequency distortion
in the AC output voltages. Some solutions for this
problem are proposed in this paper.

2.2 Floating-Capacitor Converter

Meynard et al. [1, 2] introduced the
floating -capacitor converter. In this topology the
voltage clamping is achieved by means of
capacitors that “float” with respect to the earth
potential,

Each leg of these topologies can be seen
as an imbricate cell where the output voltage is

synthesized by connecting a defined number of
capacitors in series.

One out of each pair of switches 5, and
s, must be in the on-state for a proper connection
to exist between the DC-link potential and the
output through some capacitors. Additionally, both
switches cannot be on at the same time or else short

circuits will occur in the capacitors.
5 5 5,
Y| Yot Yl o
e
oI sl s 5 5

Fig. 2: Imbricate cell, base of the floating-capacitor

L rly
converter.

Some important conclusions related to the
voltage balancing issue in the floating-capacitor
converlers are as follows:

= Each leg can be analyzed independently
from the others. This is an important difference with
the diode-clamped converter, in which the entire
three-phase system must be considered for the
balancing issue.

= These converters can control the vol-
tages of the floating capacitors tanks to their
redundancy of states. However, in converters with
more than three levels, some transitions between
two consecutive voltage levels produce high
switching frequencies. If these transitions are
avoided, the amplitude of the voltage ripple in the
capacitors will increase, and it might not be
controllable.

In conclusion, one of the major drawback
of this topology is its high number of capacitors,
not only those in the topology itself, but also those
required for the series and parallel connections.

2.3 Cascaded H-bridge Converter

One of the earliest applications for the
series connection of single-phase full-bridge
inverter topology was its use for plasma
stabilization in 1988 [4]. Later, this approach was
extended to include three-phase systems.

The modularity of this topology is an
important feature. However, the fact that the DC-
link voltage must be isolated is the major drawback
for application of these structures. Several
independent DC power supplies are required, which
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can be provided either by a transformer with
multiple isolated secondaries or by several
transformers. For electrical vehicles, batteries or
fuel cells can also be used.

In order to balance the power provided
by the DC voltage source, each cell can be used in
a cyclic way throughout each semi-cycle of a line
period [5]. Another benefit of this circulating
method is that it achieves the same switching,
frequencies for all of the devices.

For a given topology, a higher number of
levels can be obtained of each cascade level is fed
by a different DC voltage value. Different devices
would make up each cell, so that the fastest ones,
which may synthesize the cell fed by the low
voltage, will define the output voltage switching
frequency [6].

3. MODEL OF DIODE-CLAMPED
CONVERTER

Some model of the diode-clamped
converter are presented in this section. General
models are given for multilevel topologies (n-level),
and they are also particularized for the three-level
case.

Different kinds of models are required:

= “Large-signal” models. These
mathematical models are used to obtain simulated
results for the converter. They are formulated in
terms of control functions of the switches.
Nevertheless, if the switching functions are
substituted by their duty cycles, the waveform
obtained are free of certain components related to
switching frequency. These models may be
interesting in terms of ability (o analyze transitory
average evolutions of voltages and currents, as well
as to perform low-frequency analysis.

= “Small-signal” model. This model is
required to design and study control loop strategies.
As the control stage must achieve the operation
point of the system while disregarding high-
frequency components of the variables (switching
frequency), this model is formulated in terms of
local average variable. State-space formulation is
used for the model.

3.1 Multilevel Models

Fig. 3 shows the diagram of multilevel
system to be modeled. Conventional signs of
voltage and currents are also indicated.

Fig.3: General multilevel system to be modeled.

3.2 Phase Model
The output voltage in Fig. 3 referring to
the lower DC-link potential (“0") can be expressed
as:
disis.
Vio=L—+Ri,+e +vy, (42)
dt
where i={a, b, c}.

The AC NP potential (“N”) can be found
by summing all the terms in (4), and in regards to

the fact that i, +i, +i =0, then:

LV PVt Vg = (ea te,+ ec)
Vvo = 3 (3)

A first-order matrix equation describes the
AC side of the system, such that
i, R, 1 1 I 6
Elf‘ﬁ :_hzlph_Ze;)Fr+Ev;:hll_.EU3lf\"U ( )
where the subscript ph indicates the
following phase components:

Ir: eu ",uﬂ
lpfr = Ih h ep!a == eh - and vphﬂ = Vh(}
f(, (,’L_ V{,D

The tern U, in (6) is a conventional
notation that stands for [1 1 1]".

On the other hand, the following equation
indicates the currents through the capacitors in the
DC side of the converter:
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d\)_- n—|

i;=C d“ =lpc _ka where j={1,2...,n-1} (7)
1 =
Or
d | 1
—v. =—U_i,.——K, 8
i C ipe velyve  (8)
where :
Vetaty f{n—l}
Vetn-2) §in-2)
V.= i,=| ¢
v, , 1-2 , and
| Ya & ]
(1 0 - 0 0]
1 1 0 0
K, = Do :
1 1 - 1 0
MI 1 1 l_

Equation (6) and (8) describe the entire
system expect for the switching stage. The control
functions of each single-pole n-throw switch can
interrelate voltages and currents between the AC
side and the DC side of the converter, such that

s 5 — T
Voo =S Ves K yvelne =80 (9

where the switching matrix is:

=1 n-1

‘yﬂ{u--ll Snur—il +Suin-1l Zsaa sm
1=2 i=1
=l |

Son = Shiu-ti Shin-ty T Spin-2) Z‘Yb-' Zsh
i=2 =1
u=l n=l

St'hl—ll S('[rr—lr it S{.(u—lr ool S“- 2‘?&

i i=2 i=2 ]

By substituting (9) into (6) and (8), a set
of dynamic equations describing the switched

model of the multilevel system is developed. This
model 1s general, complete and makes no
assumptions other than the use of ideal switched:

d . R, 1 | |
‘(;',.u :—Ilpﬂ_zepﬁ +Espn"c—z“'~n (10a)
d 1 . 1.5,

i EU"_ll,,c _ES”"I’”’ (10b)

Although this mathematical model can be
used for simulations, the term v, must be calculated
during the simulation, which involves solving for
voltage v . v, and v . However, if the system
equation is translated into dq rotating-coordinate
frames, this term no longer affects any current
because it is only involved in the homopolar current
equation, which is always zero. As the voltage-
balancing process of the capacitors will be
performed by the modulation itself, the voltage v,
does not provide any useful information for control.
This term can also be achieved if the converter is
modeled from the standpoint of line-to-line
components.

3.3 Line-to-Line Model

To deal with line-to-line components, the
terms of the consecutive equations in (4) are
subtracted from each other, so that:

di .
v:lb = L d:b + Rfub + emf: (1 1'-1)
di. ..
im=L;$+mm+%- (11b)
di )
lu=L§$+&m+% (11¢)

| =i -i,e =¢e-¢,elC.
als v, Rt

a b

where v =v' -v i =
Note that the AC NP voltage term has
disappeared from these expressions.
By processing in @ way similar to that for
the phase model, the final equations of the line-to-
line model are:

d ; Ri 1 g | 5 i
Lol S .. - e and (1
dt LL 2 LL I3 LL 7 Ve and (12a)
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ivf::lU_i ~—]-sri (12b)
Tl et i
where
Ly €av
1y = |y and ek =) G
it'd' et'ﬂ

and where the switching matrix is:

[~ n—| A=l b
Sty Saptn-ty Fapn-y " Zsar-‘x' zsab-'
i =)
n=| =1
81r = Sty Shegaet) TSy 25«-— Z-"m
i=2 i=}
n=1 w=1
Seitnty Seateny Fhaney Scai Z Seai
¥ =2 Gk i

with S =SS i, j ={a. b,c); andk={1.2.....0-1}.

The number three in (12b) appears
because

L ; : :
i,= —(sabpzw + Syl +smp1m) with

3
p={1,2,....n-1} (13)

which can be demonstrated from

i, = 8,0+ 8p0, 45,0, and i, +i,+i.=0.  (14)

4. EXAMPLE OF THREE-LEVEL
MODELS

Fig. 4 shows the diagram of the three-level
system that has been modeled. Conventional signs
of voltages and currents are also indicated,

Fig.4: Conventional signs of the variables of the
three-level converter.

4.1 Phase Model

The general equations (10a) and (10b) of
the phase model are now applied to n=3 (three-
level), such that

d., R. | 1

El;« =_Ilm "Zem +}:Spkuvcu _EU,\“'no (15a)
d 1 : e

E;ch. = EUZIDC _EspkBL!pfr (15b)

where, for this particular case:

Sa2 Sa2 + sal

| e §..0 =8
Ve = = and " PR3L o

Cl
Scz Sc2 + Sc]

Spy + 8y,

Since each single-pole three-throw switch
only can take one position at any time, the switching
matrix can be expressed as:

Sa2 1= saU
Sonar =\ Se2 l_sbu (16)
Sc_"_ l_ Sc{)

By substituting this switching matrix into (16):

sﬂi s‘a'ﬂl
Vea
= = +U,v
SpnacYesr =) Saz ~ S0 [ ] 2Yer (17a)

Vei
85 _Sa[}

¢ 4

i

ia
E Si2 S, sc?]i
ph3L” ph i~y ol P b 17b

—Ss0 S0 “Seo | . fLi)

l

c

where, the equations of the three-level converter
are:

d, R 1 1
=l Sl =B R gy Wy ——1; ("m; = "'c})
di L £ L L

(18a)
d 1 y i e
Evcaf. :EUIlDC “Esphaf_'ph (18b)

where the new switching matrix is:
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Referring the AC NP potential (“N™) with
the NP of the DC-link (**17), (18a) becomes:

d R, 1 | 1
"{E'M = “Il,m "ze,,a. +ES"“:'VC'”' _IUz"m (19)

4.2 Line-to-Line Model
The general equations of the line-to-line
model are applied now to the three-level converter:

d . 1 1

E W= _I‘u = E €yt I FeaVen and (203J
d 1 ;

I Ve = EUJ‘D(' = f":{.u.‘u (20b)

where, for this particular case:

Sar Sapa T S

_ Vea s =|§
Vg, = and ELAL be2
C

cl Y )

“eal Seal

+ Sm’l

If the switching matrix is preferred to
contain switching functions of the higher and lower
connection poles (2 and “0 subscripts), it can be
expressed as:

Subl - suhﬂ

Seese = | Soez = Sueo Q1)

5 )

w2 Peal

5. MODEL OF THE CONTROL

The small-signal model of the three-level
converter is developed in this section so that proper
control loops can be designed. This model is based
on the phase model, but it could be based on the
line-to-line model without significant differences.

5.1 State-Space Model
From (6):

(22)

o T S0,
i e
§
_ |
= =
=l 5=
|
T
i
50 B
—
~
|
g
3
|
PP S .

Spea ¥ Sper (20c)

Transforming (22) into rotating frames
according to the dq transformation:

K W e Lo
i ’ i, L P 0
g"-, =| -w —% o |[i+] 0 —% 0 fle,-v |+ 0 |,
T ==
i R iy T (S i3
T " (I —— =
L L

(23)
where (v is the line angular frequency. As the sum
of the three line currents is zero. there is no

homopolar component (i, = 0 ). Therefore, the AC

NP voltage (vNO) does not affect any transformed
current. This voltage can be deduced from (23) as:

€V

NO T “—“_ﬁ (24)

The AC NP voltage only depends on
homopolar voltage components. Additionally, when
the electrical grid is balanced, the average value of
e, is zero; hence, v depends only on the homopolar
component of AC voltages of the converter.

Defining the original position of the dq
axis to be e =0, the other component is e =EL,
which is the value of the line-to-line RMS voltage.
Therefore, (23) can be expressed as:

ali —% o r; % 0fr, A
alt] | o “Bild o LW |0
75

£

V

(25)
where the homopolar component has been omitted.
On the other hand, from (8). the DC side

of the system can be expressed as:

dfve]_ 1, _1r o]
difve, | €™ cl1 1]i G

In order to avoid switching functions, the
equation of DC side (26) cab be related to AC side
(25) by the power-balanced relationship. Taking
into account that the dq transformation is power
conservative:
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pP=v i, tvl tvil =, tvie,.  (27)
and assuming efficiency of 100%, the instantaneous
power at the DC side is:

p= (Vct +5 )Jf.'3 sk (28)

Making both power values equal, current i, at:

Wby V=Vt

=
; Ve tVer o

and substituting this current into (26):

Avey _ipe  Vala TVoly —Veilh

(30a)
dt L Ve +¥es
dvg, . ipe  Vaba BV — Vb v
dt C LW :

The large-signal model of the system in
defined by (25) and (30).

Since the modulation algorithm will
balance the NP voltage, the control stage must only
regulate the total DC-link voltage and the AC
currents. Therefore, the model can be simplified
assuming balanced voltages in the capacitors
(Ve =Vea=V/2). Summing term by term in (30).

dv

S _yloc g
dr £ Gy,

This equation is nonlinear; therefore, it
should be linearized to obtain a useful model for
the control. Average variables are assumed,
according to the local averaging operator:

Pdfu' + V:,f!q
(31)

5

= 0
xX(H)=— I x(t)dr (32)

m ;—T“I

As aresult of applying this linear operator
to the model of the system, all components of the
variables related to switching frequency disappear.
The variables of the model are assumed henceforth
to be average variables. For the purpose of
simplicity, no difference in notation has been

included.

The variables assumed to be controlled are
the reactive current component and the DC-link
voltage:

L, =1, and v, =Vpe (33)

where fq and Vpe denote the reference values.

The transformed AC voltages of the
converter (v, vq) are the control variables. Thus,
the system is simplified to two-input-two-output
three-order system.

In steady-state conditions, the subscript
“ss” is added to the variables to identify the
operating point:

»
=Vpc
(34)
The remaining steady-state variables are
found by imposing zero into the dynamic of the
system; in other words, they are obtained by making
the derivatives of variables equal zero, as follows:

ed'.\.\':E.L’e =0’I

"
55 gsy llq' and VCJ.':

I ANR . 2 I -

—ds - t@i +—v, ——E =0 (35
df I dsx q L ds: E L ( 3)
di . o

L =—wi ——i +—v, =0 (35b)
dt sl Py M

dv.‘.)i’:x.\ = 2 Ii.’_)C.n-.\- ™) 2 "I:i'.\.\'ld.\'.\' -tp.rf.\'.\'f = 0

dt ¢ CVso

Solving for the steady-state values:

. o SRR e
Ith.\' = [— i 5 = IDC\'I_“‘H A (36&)

(35¢)

2R R 2R
]?d.\'.\ = EL + Rid.n ' wLE(: (36h)
Vyss = OLiy, + Ri, (36¢)

The model is linearized by applying
Taylor’s series around the operating point and by
disregarding high-order terms. This is acceptable
if variations around the operating point are assumed
to be small; therefore, the state-space equation of
the small-signal model is obtained.

In a general sense., any function

y= f(x,X,....,x,) . which has the value
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)'w:f(xm,xhj, ,X,.,) at the operating

point, con be developed using Taylor’s series
around this point and by approximating the first-
order terms:

Y=y, +§—‘:I ” (x, _x""HéaZ,. (xz—x:“)+.,.+§f-:" (x,—x.)

(37a)
3 P ) 3

Y=y, = a—{l i (x;— I'"Ha_;: L [ JE T & W 5{: ! (x,—x%..)
(37b)

or

_of f a | -

T Bta| BN B (38)

The vanations around the operating point

are indicated as: y=Yy—Yy., X, =X — X,

x?. = x? _xZSs and xtl = xn _xnss ¥

Finally, applying this linearizing method
to (25) and (31):

2 1
. 2 i |
1 L v . T B
[N i ; Z
% i = _% i Ll 0 7 [ ]o o 0 [ ]
e 2, B _:“4-'---”'.--‘:’ i . L u o E
v, OV v, oV, _Lc‘v‘

5.2 Equivalent Circuit
The equations of the steady-space
representation (39) can be given as:

- 5 di T T
v,—E, =L—%+Ri,—oLi (40a)
i i
d!
di,
=L+ Rz +a)L: and (40a)
(dt
C v Wioos  Magm  dlgees i o VgtV \|"l =
fpe == et [ g Ly gL -
2 dr Vi Ve Vi ¥l Vor
{40c)

For the case of unity PF, the reference
value of the reactive current component is zero

{i‘; = (). Therefore, the equivalent circuit in Fig.

6 1s simplified, as are its corresponding expressions.

If a PF other than zero is required, the
reference value of the reactive current will be given
as:

5 i n WL,
, et
i C
::“ L RSk

r-ll"&

_, < _ Ve
2 A

Fig. 6: Equivalent small-signal circuit.

‘q ld.\’.n' g 1 (41 )

In which the PF is cos @ when dealing

with sinusoidal waveforms, and is the current phase
angle in relation to the voltage phase angle. The
sign in(41) will be positive for inductive PFs and
negative for capacitive PFs.

6. CONCLUSION

This paper has comprehensively
addressed phase models and line-to-line models of
a generic n-level diode-clamped converter have
been developed in this work. An average small-
signal model of the three-level converter has been
developed in the dq coordinates, which is applied
to the design of optimal control loops. Since the
modulation stage takes care of NP voltage balance
the model is simplified: hence, the order of the
multivariable controller can be reduced. This
strategy guarantees optimal NP voltage control
besides alleviating the control algorithm.
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