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Abstract—The advances in power electronics, and new needs _ _ _ _ _ X1 @i X2 xlxz
in renewable energy sources lead the multilevel converters to | *Frineionst ="~ F = | 1 1
be advantageous compared to 2-level converters. Since modelingl  1unction } Youmu N | | ZPort Blemens:
tools can be helpful to design new converter topology, this paper =~~~ — — i G(s)|! \ \ Gyrators GY
presents the dynamic models of the three basic topologies of - —— —+ ~"N___J/ ‘ ‘ Modulated TR
multilevel converters: the Diode-Clamped, the Flying-Capacitor | capaciorc “/ } } } ; orlate
|

and the Cascaded H-Bridge converters. These models have been ot
obtained by using the Power Oriented Graph (POG) technique, '————~— ~_
that is easy to be employed and implemented in Matlab-

Simulink® environment. The proposed models are suitable to Fig. 1. POG basic blockelaboration blockand connection block
simulate high frequency sliding mode control and can be easily

modified to model hybrid topologies. Simulation results confirm

the validity of the presented models.

a) Elaboration block b) Connection block

firstly introduced by H.M. Paynter in 1960 and used in the
Index Terms—Modeling technique, multilevel converters, Bond Graph technique. One of the main advantage of the POG
power control. technique is its easy implementation in Matlab-Simufinén-
vironment. In power electronic contest, the POG technicage h
I. INTRODUCTION been employed to quel a grid connected photovoltaic sygtem
) _ see [13]-[15]. In particular the POG models of a dual active-
In recent. years,.the reseqrch interest on multilevel coerser bridge DC/DC converter and a single phase H-Bridge DC/AC
has been increasing, leading to a rapid development of Nng@hyerter have been introduced and simulated. In this paper
topologles.and control strategies, [1]-[4]. In paTUCU'me the POG models of multilevel converters will introduced for
advances in power electronics and new emerging needsi first time. In particular, the dynamic models of threeibas
renewable energy systems and smart grid applications makgqs of multilevel topologies will be presented: the Diede
the use of multilevel converters a promising alternative @Iamped topology [16], the Flying-Capacitor topology [17]
classical 2-level converters,.[5]—.[6]. The main advantagee [18] and the Cascaded H-Bridge topology [19]-[20]. Theestat
related to low tota! ha}rmonlc' distortion (THD), low V0|tag?space equations of these topologies can be easily obtajned b
stress of power switching devices and a namely low reductighe models and used to design new control strategies.
of voltage derivative, reducing the filter dimension and@s-  gjmylation results have been obtained in Matlab-Sim@ink
ing the system efficiency and power conversion, [7]-[8]. FQfnyironment by using three types of PWM modulation algo-
these characteristics the multilevel converters are qéatily (ithms: the Phase Disposition PWM (PD-PWM), the Phase
intgresting for high power applications. Moreover they a®pposition Disposition PWM (POD-PWM) and the Alter-
suitable for Photovoltaic (PV) systems, since the modiylaripste phase Opposition Disposition PWM (APOD-PWM) al-
of the PV arrays provides different DC voltage levels asdliregqyithms, [9].
sources of the converter, see [9]. _ The paper is organized as follows. In Sec. Il the Power
In this continuously evolving scenario, modeling tools ca@yiented Graphs modeling technique is presented. In Sec. I
be helpful to manufactures to reduce the time and the cost|9f ang v the models of Diode-Clamped, Flying-Capacitor

the design of new topologies and control strategies. Howeg,q Cascaded H-Bridge topologies are presented. Simsgatio
the libraries of commercial tools are not always updated f@gyits and conclusions end the paper.

the recent architectures. Moreover the high frequency ef th

PWM control signals make many of these tools inadequatt-ﬁ
to the simulation. In this paper the dynamic model of some . ) . .
basic multilevel converter topologies obtained by using th The POG is a graphical modeling technique based on the
so called Power Oriented Graph (POG) modeling technig§@Me energetic approach of the Bound Graph (BG) technique,
will be presented. This technique was introduced in 1990hut it uses a different graphical notation. The two POG basic

Fig. 1. The first is used for modeling all the physical elersent
R. Zanasi and S. Cuoghi are with the Faculty of Engithat can store and/or dissipate energy, while the second is
neering,  Dil-Information  Engineering  Department, _ Univiysi ysed for modeling all the physical elements that transform
of Modena and Reggio Emilia Via Vignolese 905, 41100 . .
Modena, Italy, e-mails: roberto.zanasi @ninore.it and the power without losses. The elaboration block correspond
st ef ani a. cuoghi @ninore.it. to the 1-port element in BG technique (capacitor, inertia,
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modulated transformer and modulated gyrators. The dashe {Vl]
lines in Fig. 1 denote the power sections which connect the V2 © ®
POG blocks to the external world. The scalar produdgt of
the two power vectorsx andy involved in each dashed line
of a POG scheme, have the physical meaninghef power
flowing through that particular sectigrsee Fig. 1. ] ] ]
Let us consider the simple electrical example of the CR The classical electrical scheme of 3-level Diode-Clamped
filter shown in Fig. 2. The corresponding POG model i§onverter is shown in Fig. 3, while the corresponding POG
shown on the top right, while the BG model is shown ofYynamic mod_el is given in Flg_. 4. The first block pr_esent
the bottom left of the figure. Both the techniques provid@etween section® and @ describes the model of the input
the exact mathematical model of the system. While the pEsistanceRin. _The connection and elaboration blocks p_resent
scheme is quite compact, the POG model is easy to use, eBgveen section® and @ represent the model of the input
to understand and can be directly implemented in Matlap@Pacitor<C; andCy, those dynamical equations can be written
Simulink® environment, see the block scheme on the bottof?

: . 1 1
right of Fig. 2. Vy = CTs(lr —1y), Vs, = C—ZS(Ir —13).
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Fig. 2. Electrical circuit of CR filter, corresponding POG negdBG model ‘ \ [ éll [ \
and Matlab/Simulin® scheme. ‘ 1 ‘ ‘ 1 ‘ ‘
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H B | | | |
resistor), while the sum element at the top of the elabanatio | Rn || | y | |
block corresponds to the 3-port BG connection elements (O-} } } % } }
junctions or 1-junctions). The connection block denotéshal | | | 7 | |
2-port elements of the BG technique: transformer, gyratofs: ¢ } [1 1] =}= =} (st 52]"+V0ut
©)

Fig. 4. POG model of 3-level Diode-Clamped Converter.

I1l. POG MODEL OF DIODE-CLAMPED CONVERTER . . . _
Referring to section® and® of Fig. 3, letTi = {T1,T», Ty, T2}

First in this section the POG model of a 3-level Diodeggnqte the control signals of the transistors. The stAteo®T,
Clamped or Neutral Point Clamped (NPC) converter will b§gstes the state OFF/ON of the corresponding transister. T
described and then this model will be extended to n-level NR{aveforms ofT; are generated by the control system such to
converters. connectC; and/orC; to the output. The three-levels of output
voltagesVao andVan are shown in Tab. | and their control
can be obtained by different PWM modulation techniques,
see [9]. The corresponding POG model is represented by
the connection blocks between the corresponding sections i
Fig. 4. In particular, the switching control signads and s,
have been determined neglecting the dissipative lossdseof t
converter and by using the relations between sigialand
the output voltage®/out = Vao and Vout = Van described as
follows

=
Il

Vao

L . | [Tsz]{x;} = [5152]{&],
] 7. !
® ® ® Van = [Tlﬁ]{x;} = [= sg]{x;] 1)

Fig. 3. Three-level Diode-Clamped converter scheme.
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converters.
Fig. 6. Electrical scheme of 3-level Flying-Capacitor catwe
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TABLE Il TABLE Il
CONTROL SIGNALST; AND OUTPUT VOLTAGES IN THE CASE OF A5-LEVEL CONTROL SIGNALST;, AND OUTPUT VOLTAGES IN THE CASE OF3-LEVEL
DIODE-CLAMPED CONVERTER FLYING -CAPACITOR CONVERTER

The state-space equations of the converter are the foljpwinits diagonal. The switching signats, s, s3 can be obtained
by the input-output relationships shown in Tab. Il as falo

G o] |[-& 0 | [s o B o= B
|:0 C2:||:V2:| _% V2 SZ IOU'[+ % VdC (2) {[Sla 327 53] - [Tla Tl7 T1T2 TlTZ} If VOUI _VAO
[S1, &, s3] =[T1, —Tq, TiTo—TiTo] if Vour=Van

The extension of the POG model to-level NPC converter
is shown in Fig. 5, where vectoB,, S, and matrixC, are
defined as follows

1 S]_ C]_ Ir IZ
1 2 CZ | | 1 | 0 |3 | S1 |
Bn= 1k S = | Ch= . ) I se—g—>> |1 ~>,—>(?<—,<— S| e lout
: : : | | | | |
1 S Cy [ [ 0 [ [ S8 [
| | | | |
wheren=m— 1. In particular the vecto8, is a function of | 1 | | Cm | |
the desired output voltagé, [ | | |
Il Rn |1 [ 7 [ [
Si=[T. Tz, Tol" i Vou = Vao, | | | L |
| | | 5 | |
Sh=[T1,., To,—Togq, e, —Tn]" i Vour = Van. | | | | |
2 Vi + {11 O3 —sallsy 55 5]+ Vo
In the case of a 5-level converter the relationships between Vi
control signalsT; and the output voltage¥ao and Van are @ @ Va ® @
shown in Tab. II. In this case it i§, = [T1, T2, T3, T4] when V3
Vout = Vao and S, = [Tl,T27 _T& _ﬁ} when Vout = VaAN- Fig. 7. POG model of a 3-level Flying-Capacitor converter.

The state-space equations of 3-level Flying-Capacitor con
IV. POGMODEL OF FLYING-CAPACITOR CONVERTER verter are the following

1 1

The electrical scheme of a 3-level Flying-Capacitor con{C; 0 0 \?1 ~ Ry 0 V1 S @
verter is shown in Fig. 6. The relations between the adnissib| 0C; 0 ||V2| = | O —%O Vo | — S| lout+ R Vyc.
configurations of control signal3; and the corresponding | 0 0Cz|| V3 o o0 ollW S3 0

values of the output voltag&&n andVag are shown in Tab. 111
The corresponding POG model is shown in Fig. 7, whegge The POG model of the Flying-Capacitor converter generdlize
is a diagonal matrix with the values of capacit@sC,,C3 in to the m-level case is still represented by the POG scheme
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shown in Fig. 5. In this case itis=m, B,=[11000...]", | | | | |
while Cp, is a m-dimensional diagonal matrix characterized } } } 1 } }
by the values of the equivalent capacities of each branch of | 1 h[© ] |
the circuit. The state space equations of the converterhare t | | R | v | |
following | I—x— | 1 | |
| | | S | |
) 1 _
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Rno. 1 V2 1 The dynamic model of the generalizedlevel Cascaded
+170 | Ve lr=— { Ry Rl 0 0} Va|+g;Vde  H-Bridge converter is represented by the POG block scheme
: : shown in Fig. 10. In this case there is an input resistdRge
0] Vi for each H-BridgeRj, = Ryl wheren= (m—1)/2. Vector

Bn is a n-dimensional column vector with all its component
equal to 1. MatrixC,, is an-dimensional diagonal matrix with
the values of the capacito@j, C,, ..., C, on its diagonal. The
state space equations are the following

In the case of a 5-level converter the control sigrelbave
the following expression

[S1,%,58, 54,85 =[T1, T1, i To—Ta T2, ToTs—To T3, TaTa— T3 T4

when Vot = Vao and the expression C,0..01V —# 0...0|Mw] s %

T T T T T T T T T, 0C...0||Vz 0 —2...0 [V |s =
[S1,%2,53,54,S5] = [T1, T1, i To—TiTo, ToTa—To T3, Ta T4 — T Ty _ Rin B R P L VO
when Vot = Van. SN SRR ] :

. A 0 0..C||Va 0 0 _F% ARED R%
n n

V. POGMODEL OF CASCADED H-BRIDGE CONVERTER  The vectorS, of the control signals is the following

A 3-level Cascaded H-Bridge converter is a single H-Bridge =+ —++= T+ —+= = I e
converter represented in Fig. 8. The relationships between” — 1211~ 12T TaTs—TaTs, ..., TanTon-1=TanTon-1" (4)
control signalsT; and the output voltage/oyt = Vao are in order to haveVoyt = Vao.
described in Tab. IV, the corresponding POG model is shown

in Fig. 9. It can be easily shown that in this case the switghin ‘ | | In, |
control signal iss; = ToT; — To 1. lr +¢ B rere—g—> =?<—'<-‘ Sy e lout
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Fig. 10. POG dynamic model of arlevel cascaded H-Bridge converter:
! ; 1 1 n=(m-1)/2.
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Fig. 8. Electrical scheme of 3-level Cascaded H-Bridge cdave
VI. SIMULATION OF THE MODELS

The Matlab/Simulin®R block scheme used to simulate the

| Tll [ T02 [ Bl [ le [ \\//Ado | POG model of a Cascaded H-Bridge multilevel converter is

T T 1T T 17170 o shown in Fig. 11. In particular, the multilevel converter is
0O [0 [T 1 0 controlled by the control signal3; generated by a PWM

0 [T [1]0] Ve subsystem which implements different types of modulation
TABLE IV techniques (PD, POD and APOD) for a generic numiver

CONTROL SIGNALST; AND OUTPUT VOLTAGE Vo IN THE CASE OF
3-LEVEL CASCADED H-BRIDGE CONVERTER

of voltage levels. The PWM subsystem has been designed
to provide the control signalg; for all the three types of
multilevel converters presented in this paper. The Castade
H-Bridge converter considered in Fig. 11 uses relation ¢4) t



A

<Sn> <Ic_out> Ic_out

Van

]

m-level Converter

=33
==

Cascaded H-bridge
A A A

Ll
>

\ 4
aQ

Vdc

i L
T P T

N _ U
\/ PWM for m-level
Sine Wave converters _
J I T <V _ca>

L Jan Vfc

V_car

Fig. 11. Matlab-Simulin® block scheme used to simulate the POG model of a cascaded HeBriddilevel converter.

generate the control vect@, by signalsT;. The LCL filter
present in the simulation scheme is used to reduce the

order harmonics introduced by the PWM modulation. The

parameters for the filter are the followinG:= 3 uF, L; = 0.8
mH, L, =04 mH, R =0.1Q and R, = 0.05Q. The POG
model of the consideredCL filter is described in [13].
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Fig. 12. Five-level Cascaded H-Bridge: PD triangular easV;a;, modu-
lation voltageVy, and output signal/ao.

A. Simulation results
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Fig. 13. Five-level Cascaded H-Bridge: POD triangular ieasrVeyy,
modulation voltagé/y, and output signaV/ao.

are shown in Fig. 12, Fig. 13 and Fig. 14, respectively for
the following three different types of PWM modulation: PD,
POD and APOD. Notice that in this case the frequency of the
PWM carrier has been chosen quite small in order to clearly
show the different behaviors obtained with the three diffier
types of PWM modulation.

2) Diode-Clamped converterA 5-level Diode-Clamped
converter has been considered. The following parametees ha

1) Cascaded H-Bridge convertefThe considered 5-level been usedVi, = 100 V, PWM carrier frequency; = 17 kHz
Cascaded H-Bridge converter is characterized by the faligw and modulation frequencjy = 50 Hz. The simulation results
parameters: PWM carrier frequendy= 200 Hz, modulation obtained using a PD-PWM modulation and whéy: = Van
frequency fy = 50 Hz, input voltageVyc = 100 V, input re- are shown in Fig. 15. Notice that in this case the considered
sistanceRj, = 1 Q, output resistanc®; = 50Q and internal PWM carrier frequency is high and the filtered output voltage
capacitor<; = 80 mF. The waveforms of the triangular carrier¥y has a sinusoidal time behavior quite similar to the modu-

Vear, the modulation voltag®/,, and the output voltag¥an

lation voltageVp,.



in Matlab-Simulink® environment. Variants on the proposed
POG models can be easily implemented and simulated in a
very short time. For this reason the POG technique can be
helpful to manufacturers to analyze and design new converte
topologies.
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Capacitor converter obtained using POD modulation.



