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Abstract: - In this article, we present a control strategy for a single-phase multilevel d.c./a.c. converter. The
main interest of this power inverter is the generation of a multilevel a.c. voltage which changes in five levels
and, therefore, generates less high frequency harmonics as compared with classical inverters. We will bring to
the fore the causal input output process which is a graphic description of the relations between implicated
guantities. A method for controlling this matrix multilevel power inverter is presented by using an equivalent
average value modelling. Therefore, the control system is deduced by inversion of this mathematical equation
within taking into account dynamical performance criteria. The control of switching states will be detailed and
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the obtained mean value is used as a duty cycle in the generation of transistor gate signals.
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1 Introduction
Fig.1 shows the structure of the studied single-
phase voltage-source inverter.
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Fig.1: d.c. voltage-source multilevel inverter

The d.c. volatge-source comes from a rectifier
which is placed in upstream. This voltage source is
divided in two d.c. voltage sources by seriad equa
capacitors. The switching matrix chops these two
d.c. voltage sources and produces a modulated
multilevel voltage (un) which has five levels. An
a.c. filter retains the fundamental component of this
modulated voltage to fed the load.

The interest is double : the minimisation of the
number of commutations which enables to reduce

switches heating and the design of a simple control
by taking all constraints into account. The control
system feature is to force the filtered voltage (uc)
tracking an a.c. voltage reference.

This paper will be organised as follows. In
section 2, the mathematical modelling of the
inverter is presented. Section 3 is devoted to the
modelling in mean values. The modelling of the
a.c. filter and the capacitive divider are explained in
section 4 and 5. In section 6, the control system is
obtained by inversion of the mathematica
modelling and is decomposed in a serial assembling
of elementary control functions. Section 7 is
devoted to the study of average connection
generator and simulation results are presented in
section 8.

2 Modelling of Switchings and

conversions

The modulated a.c. voltage un, is the potential
difference between the point 1 and the point 2
(fig.1). un, may be written as:
Um =Ugp - Uy
The output voltage u,y of the first clamped
commutation cell may be switched to E/2 by
switching the transistors Ty, and T, - E/2 by

switching the transistors T3 and T4, O by switching
the trandstors Ty, and Tz [2]. Therefore, this



commutation cell is equivalent to a commutation
cell which consists of three ideal switches (fig.2).
This last may be associated to functions which are
called switching functions fy=1 if the
corresponding switch is on, otherwise fy=0. The
index ¢ corresponds to a commutation cell and | to
arow .

The corresponding vaues between the
switching functions and the transistor gate signals
aregivenintable 1.

T T2 Tz Tia| Uy fin fio fi3
11 0 0] ¥E|1 0 O
1 1 0 0 0O 1 O
0 1 1|-%E|O0 0 1
Tablel

0
0

By identification, we deduce the correspondence
between the switching functions f, and the

transistors T,, for the second commutation cell.

T Ty Tog Tos| Uy for foo fo3
1 1 0 0| 4E|L 0 O

11 0/ 0 |0 1 0
0 1 1|-%E|0 0 1

Table?2

0
0

Switching functions in the equivalent
commutation cells depend on transistor gate signals
as:

fa1 =TaTeo fe2 = Tea Tear fea = Tea Ty

By replacing reactive elements by their
equivalent sources and transistors by ided
switches, we find an equivalent switch matrix
representation of the inverter (fig.2).
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Fig.2: Matrix representation of the inverter

The current sources are connected to the voltage
sources by a matrix of switches. Voltages are
linked by the relation :

m, U_efy;  fp fl3ue SLU
ﬁ\, l;l—ef f f ue SzU )
ema0 e’ T2 T23Ug,
s3U
E _ E
Vg =5 Vs, =0 and vg, =- —

As the sum of modulated voltages is null as well
as the sum of voltage sources, we can write :

Up =Viy = Vi, =

@)

[(fn' f21) (flz fzz)]eu
eszsu

Currents are linked by the following relation :

gmﬂ Efll 1:Zluelslu

@m,0 g &h fzzu g ©)

s20

§m3ﬂ §f13 fo3H

As the sum of modulated currents is null, as
well as the sum of source currents, one current may
be mistaken and so we will consider :

e'mlu & fpq - f21)U[ ]

Isy

o8 & fo- f2)lf

By using vectorial quantities, the relations (2)
and (4) can be written as:

(4)

[1]=[M]ig with ig =ig 5)
uy =[M]" U] (6)
emu . :
[M]=¢ " is the conversion vector and
dlhu
contains three level functions which are defined as:
my=f11-fo1 and mp=fy-f,. (7)
In ascalar form, we get :
m =M Ug, +MyUg, (8)
Iy =My, iy, =My 9

3 Modéelling in mean values
The inverter consists of continuous quantities

(ig, Ug, Us)s s ust) and discrete quantities (m, fq,

Um, i ), therefore its control system will consist of

continuous regulators for continuous quantities and
discrete regulators for discrete quantities. In order
to design the continuous quantitie slaveries, a
mathematical continuous model of the whole
system has been established [3],[4].

For obtaining an equivaent continuous function,
we apply the following integrator operation :

LB ot 2 (10)

Xg=— P

0

m

We deduce the equivaent average quantities, by



applying this operation onto al modulated
variables and by considering that electrical sources
remain constant during the period Tp;:
imlg =myis  (Re), ing =My is (R, and
imgg =-imlg - ing (Rs).

Concerning the voltages, we get :
Upy, = Mg Ug, (Re), Unpy = Mag Usy, (Ry), and
Umg = Uy, + Umy, (Re).

Concerning the conversion functions, we obtain:
mlg = 1:llg - 1:Zlg (Rl)
and myg = fiog - fooq (R)

The real time behaviour of continuous €electrical
variables from each side of the converter is now
analysed.

4 A.C. filter

The simplified representation of the a.c. filter is
obtained by replacing the switch matrix by
multilevel voltage generator (un, on fig.3).

Fig.3: ac. filter

The differential equations of the a.c. filter are
expressed by :

. dig o
- ?s-'s"'ls-_si:um' Uc (Ru)
dt g
and Cs.dstC:h - (Ri2)

The transfer function G(s) of the multilevel
voltage filter is found as follows :

= Th (12)

bandwidth is

Wy, .al- 222 +42- 4.22+4.z4§

the bandwidth equal to the switching frequency (in
order to attenuate the switching commutations) and
considering available reactive elements, let us :
lg =50mH, and rg =1W, cg = 47nF

. Let us choose

5 Modelling of the capacitive divider
By erasing the switch matrix (in fig. 1) and
drawing current generators for converted electrical
variables, we can obtain the equivalent power
circuit for the d.c. side of the converter (fig. 4).

Fig. 4 : Modédlling of the d.c. side

The d.c. voltages are described by equations :

ComR=ZE- Ty -y +i (R
Codtor o 2 g, B M

c Mg _ 1 CNY L wi +i

e dt re re 812 re * 523 m my

(Ryo) and Ug, =Ug, *Us, (Ru). Thefig. 5 shows

the average causal input output graph.

Conversion
relation

Amplification |
relation !

Fig. 5: Average causa input-output graph




6 Control scheme
The control system architecture is obtained by
inversion of the causal input output graph.
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Fig. 6: Graph of the control sysltem in mean value

A double regulation is implemented in order to
make equal the load voltage u, in magnitude and
phase to a reference voltage usgee and in order to
maintain the d.c. voltages to constant values, for

E

=E and u =

example u SoREF T 5

S13REF

A tracking control of the a.c. voltage (u,.) to an
a.c. reference sets the necessary average value of
the modulated voltage Upgrer (reélations Ry and

Rer)
Umngrer = Keas (iser - is) (Re1)
irer = Koo {Uerer - Uc) (Rew2)
In a similar way, aregulation of the d.c. voltage
source (U, ) gives the necessary average value for
the modulated current imlgREF (relation Ry).

imlgREF = kC9'(u512REF ) uSlz) (Reo)
After the tracking algorithmic control, the
generation of average conversions is tackled. The
conversion function reference my . is obtained by

relation Res.

i
Mygrer = ml?REF (Rea)
S

The average modulated voltage reference can be

synthesised by adding up two average modulated

reference voltages Urmy grer and Umogrer -

Umgrer = umlgREF + umZQREF (12)

The average modulated voltage reference

u may be estimated through relation Re :

M gREF

umlgREF = Migrer Ug3

The second modulated voltage reference
Unpgrer 1S therefore deduced :

Umpgrer = Umgrer = Umygrer (Reg)

By using the knowledge of the d.c. source
voltage, we find the second conversion function
reference :

Un,
_ gREF
My gReF TR

(Re7)

S23

7 Average connection gener ator

The aim of the connection generator is to define
the switching function references from the
conversion function references (R, Ro). The
relation (7) can be written in matrix form, as:

m ml=f -g5m 2 (13)
éfin fxg
and fi5- fps=-(my +my) (14)

From the relations (13) and (14), we can bring

to the fore the switching matrix :
éf f fzu
[ m - (moem)l=f -ge ™ =y
éfa f

fo fxo

Knowing the conversion function references in
mean values, we can deduce the relation between
these last and the switching function references, by
the following expression :

[nlgREF Morer - (ngREF +mZgREF)] =

€fiigrer  fiogrer  fisgrer u
aloigrer  Toogrer  TozgrEF()



This relation may be written in other form, as:
My greF o gREF g) 1 - 1H

éfiigrer fiogrer fisgrer U

of f f L
agloigrer  Toogrer  T23greF

In vectoria form, we get :

[M gREF ]T [N] = [E]'[FgREF ]T (15)

Eand [E]=1 -1

b -1

where [N]zg 2

[M gREF ]Tis the conversion matrix reference
which is defined as :

T
[M gREF] =[rnlgREF mZQREF]
[FgRE,:]T is the switching matrix reference
which contains the switching function references :

[FgREF ]T - ef f f
@' 21grREF 22gREF 23gREF ()
The matrix E is not a squared matrix, therefore, it
has no inverse. The set of closest solutions in linear
algebrais:

[FgREF ]T = [E]+ -[M gREF ]T [N] +
[11- (E)E) )i, )"

where [E]" is the pseudo-inverse of the matrix [E].

_éfllgREF f1ogrer fl3gREFl\;|

(16)

The matrix [I] is an identity matrix and [Hg]T

is any matrix of dimension (2,3). [FgRE,:] may be
view as sum of two matrix :
[FMgREF ]T =[g]’ -[M gREF ]T IN] which

depends of the conversion matrix reference :

[FMgREF ]T =

1 €Mygrer Mygrer - Migrer - Mpgrer U
—.é u
2 g Mgrer -~ Mygrer  Mugrer * Magrer

T T .

- [FHgREF] =(' - [E]-[E]+)-[Hg] which
maintains the switching function references in their
variation domain. This matrix contains the
homopolar components :

_&hyg Ny hggu

[FHgREF ]T - g’hg

h29 h393

All  constraints are now mathematically
expressed :

- the first one is that we must never short-circuit
the voltage sources and never let current sources
opened. Then, for a commutation cell, only one
switch should be closed. This can be trandated by
relations:

i fp+fp+fz=1

S S - (17
1 '21™ T2 ™ T3 =
In average values, this relation can be written as:
| f1g + fiog + fizg =1
! 1119 129 139 (18)

':‘f219 + g + fozq =1

- The second one consists in forcing the mean
switching functionsinto their variation domain :

1:clg,l\ [071]

For the mean switching function references, we
apply the same conditions :

1 fragrer * frogrer + fisgrer =1

} foigrer + Foogrer + foagrer =1

and feq rer | [01]

These two constraints must be satisfied by a
right setting of the homopolar component [Hy].

To abtain the switching functions in binary values,
a modulator is placed just after the connection
generator. The switching functions fygrer are
compared with a triangular signal which varies in
the domain [0, 1]. The figure 7 shows the transit
from mean switching functions to discrete
switching functions..
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Fig.7 : Transit from mean switching functions to discrete switching functions .




8 Experimentation

The system is designed for a 5.5kVA drive
operating. The rectifier is designed to yield a
constant d.c. voltage Ug, = E =2204/2. This test
is executed with a resistive load r =20W, and the
voltage reference is set to Uger = 220~/2.sin(wt),
50Hz. The d.c. voltage reference is

Us)oer =110./2, and the modulation frequency is

equal to b5kHz.

We have effectively a modulated voltage up,
which changes in five levels (fig.8). The source
current is and the output voltage u. have sinusoidal
waveforms. The d.c. voltages undulate around their
mean values.
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Fig. 8 : Steady-state test

Fig.9 shows a result for an a.c. voltage step from
Ugper = 220+4/2.5iN(WE) 10 Ugmer =1104/2.5in(Wt)

Modulated voltage Output voltage
‘ (V)
N
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t(s) t(s)
Fig.9: ac. voltage step

The results show the robustness of the regulator
because the d.c. voltages are maintained constants
and the output voltages u. has a quick response
dynamic due to our chosen dynamic regulator.The
source current is is aso affected. The undulation
magnitude of d.c. voltages diminishes when we
apply an ac. reduced reference voltage. The
switches are switched so that the modulated voltage

changes in three levels 8?5,0,59 when the
e 2 2g

Upee  Magnitude is less than 1104/2. This

principle enables to generate less high frequency
harmonics.

9 Conclusion

An average process system modelling has been
developed to establish an control system in average
values. This enables to have al references in
continuous. At the concluson of the average
control bloc, we have a modulation of the switching
functions, contrary to the control method by
modulation of the conversion functions [1]. We
verified that this method gives satisfying results.
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