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Abstract

A new structure of a multi-level inverter has been constructed and simulated in this paper to feed a three-phase load. The proposed in-
verter is a five-level three-phase asymmetric cascade topology. Each phase leg is configured by stacking three-level flying capacitor con-
verter (FCC) and three-level diode clamped converter (DCC). A model predictive current control (MPCC) is employed for generating
gating signals that minimize the predefined cost function. These gating signals is applied to the switches of the inverter in the future
sample interval. Results from Simulation show the effectiveness of the suggested inverter in achieving the desired results with a signifi-

cant reduction in the number of flying capacitors and clamping diodes.

Keywords: Model; Predictive; Stacked, Asymmetric; Multilevel Inverter.

1. Introduction

Multilevel converters become an essential and crucial part in the
modern power systems [1-2]. It has the capability of handling high
voltage magnitudes, produce low harmonic distortion, and im-
proving power utility [3-9]. The idea of multilevel inverter is to
partition the high voltage level of the dc source into smaller volt-
age levels. Therefore, power electronic devices of small voltage
rating can be utilized in these topologies. In the N-level inverter,
the dc bus voltage is evenly divided into small voltage levels, each
level equal V4/(N-1). This configuration will provide a significant
reduction of voltage stress on the power semiconductor devices.
As the number of levels increase, the step size of the AC voltage
will be decreased and approaches a sinusoidal shape, in other
words, the harmonic distortion of the output voltage will be de-
creased. Three main categories of multilevel inverters have been
introduced. These are; diode clamped converter (DCC), flying
capacitors converter (FCC), and H — bridge converter (HBC) [1],
[3], [6], [9] - [12]. These categories have individual limitations as
indicated in [9]. Recently, different topologies are developed from
the conventional multilevel converters [7], [9], [13] — [17]. In
addition to its topology, the behavior of the converter largely de-
pends on the quality of the control algorithm to be considered.
Various control algorithms are presented for controlling the con-
verters and drives. The most proposed control algorithm in the
literature is Space Vector Pulse Width Modulation (SVPWM) [4]
- [7], [9] - [15], [17]. Another popular method for controlling the
converters is the hysteresis band current control (HBCC) [1], [2],
[8]. These two algorithms are established based on providing ap-
propriate control command to the modulator which is direct the
switching states of the converter. However, development of more
powerful and fast microcontrollers and computers permits to im-
plement new and more complicated control algorithms. Among
these new algorithms is the Model Predictive Current Control
(MPCC) [3], [18] - [23]. In this control algorithm a model of the

system is employed for prediction of the future performance of the
converter current. The prediction is evaluated according to a pre-
defined cost function then the switching state that minimizes the
cost function is applied to the converter in the next sampling in-
terval [21] — [23]. MPCC has an advantage over the SVPWM and
HBCC algorithms because it generates the gating signal directly
without need of the modulator. In this paper a 3-level FCC and a
3-level DCC are stacked to configure the new 5-level inverter
topology which is significantly reduces the number of the capaci-
tors and clamping diodes. MPCC is employed for generating the
gating signal to the proposed inverter.

2. Conventional multi-level inverter topologies

2.1. Diode clamped converter (DCC)

The three — level diode clamped converter has been proposed first-
ly by Nabae, Takahashi, and Akagi in 1981 [12]. A single - phase
five level diode clamped inverter is shown in Fig.1. A dc source is
distributed evenly across four capacitors C,, C,, C3 and C, and
connected in series with switches (S; — S, ) through diodes. For
the five — level configuration, the voltage across each switch will
be (Vg4/4) which represents the capacitor voltage. N — level DCC
requires (N-1) x (N-2) clamping diodes per phase so it is clear that
this inverter topology became bulky as the N increase [12].

2.2. Flying capacitor converter (FCC)

Multilevel flying capacitor converter was introduced 1992 by
Meynard and Foch [12]. The configuration of the multilevel flying
capacitor inverter is shown in Fig.2. This structure contains a hier-
archy shape of DC side capacitors. For N-level topology, FCC
needs (N — 1) DC link capacitors and (N — 1) x (N — 2)/2 auxil-
iary capacitors in each phase when identical voltage rating is real-
ized between auxiliary capacitors and the switches. Flying capaci-
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tor inverter has phase redundancies, whereas diode clamped in-
verter has only line to line redundancies [12].
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Fig. 2: one leg five — levels Flying Capacitor Inverter.

2.3. Cascaded H-bridge

A one-leg circuit of a 5-level cascaded H-bridge converter is
shown in Fig.3 [12]. Each single phase full bridge or H-bridge
inverter is connected to a separate DC source (SDCS). The num-
ber of cells required for n — level inverter is (n-1/2). In this topolo-
gy, there is no need for clamping diode or flying capacitors but a
separate dc sources are required. Therefore, the applications of
this topology are depend on the availability of the isolated dc

sources [12].
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Fig. 3: One Leg 5-Level H-Bridge Inverter.

3. Proposed topology

The circuit diagram of the proposed five-level three phase asym-
metric cascade topology is shown in Fig.4. Each phase leg is con-
figured by stacking one three-level flying capacitor converter
(FCC) Fig.4(a), and one three-level diode clamped converter
(DCC) Fig.4(b).
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Fig. 4: One Leg Five — Level Asymmetric Stacked Inverter; A)Three-
Level FCC B) Three-Level DCC.

In FCC stage, the first cell is configured by S;, S;, and Cy, when
S, is closed for long time, while closing S;  for long time enforce,
S,, S, and C,, to form another cell. When Cy,and Cy, are equal in
their capacitances, the Vg will be distributed evenly between them
(i.e. V4/2 on each). The voltages across the flying capacitors Ci,
and C,, will be (V4/4) for each one. The phase voltage is the sum
of the voltage produced by the DCC plus the voltage across S,.
When S, is closed (S,=1, S,=0) for long time, S, function driving

= . . \% V.
Sy, Sy pair producingvs, = % andvg, = % . Further-
S, =1 S,=0

more, when S, is opened (S;=0, S;=1) for long time, S, function

driving S, S, pair producing Vs, = % s
L=

The states that combines S; = 1 and S, = 0 are forbidden, since
they close a loop which includes all the capacitors, so their origi-
nal voltages cannot be sustained. The second stage is the DDC
which has two switching functions Sz and S, driving Ss, S pair
and Sy, S, pair respectively. Table 1 summarize the voltages pro-
duced by the two stages of the inverter and the resultant arm volt-
age according to the switching states.

. and vg, = 0[5, -

Table 1: Switching States and Voltages of the 5-Level Asymmetric
Stacked Inverter

S1 S S Sq Vs, Vbee Vxn
0 0 0 0 0 0 0

0 0 0 1 0 Va4 Va4

0 1 0 0 Va4 0 Va4

0 1 0 1 Va4 Va4 Vo2

1 1 0 0 Vo2 0 Vo2

1 1 0 1 Vo2 Va4 3Vyld
0 1 1 1 Va4 Vg2 3Vyld
0 0 1 1 0 Vg2 Vo2

1 1 1 1 Vo2 Vo2 Ve

From table 1, it can be noticed that the arm voltage has five levels:
0, V44, Va2, 3Vyd4 and V.. According to the forbidden states
of the FCC, all states 10xx should be avoided. Also the DCC stage
has 10 forbidden state, therefore all states xx10 should be avoided.
As a result, table Il contains 9 states from 16 states and the re-
maining 7 states are forbidden. Comparing this proposed topology
with the 5-level DCC, it can be shown that most of the clamping
diodes are eliminated. Also, the number of flying capacitors are
reduced when comparing the proposed topology with the 5-level
FCC.
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4. Converter model

The power circuit diagram of a three phase 5-level asymmetric
converter feeding a three phase R-L load is shown in Fig. (5)

Each phase voltage can be calculated as a function of switching
states and DC voltage Vp as:

V)
Van = (Sal + Saz + Sa3 + Sa4)% (1)
V)
Von = (Sp1 + Spz2 + Spz + Sb4)% 2
V)
Vcn = (Scl + SCZ + Sc3 + 564)% (3)

The line voltages can be obtained as:

Vep =V =V )
Vpe =Vp = Ve ®)
Vea =Ve = Vo (6)

Fig. 5: Three Phase Five Level Structure Inverter.

For a three phase inverter, there are 61 switching states to deter-
mine the equivalent voltage space vector according to the follow-
ing equation:

2
Vs = 3 (Van + aV, + a? Ven) (7

Where:

2n
a=-el3

5. Load model

From the definitions of variables shown in figure 8, the output
loop equations for each phase are as follows:

dig

Vin = L% 4+ Riy +e, ®)
dip .

VbnzLE‘l‘Rlb‘l‘eb (9)
di. .

Ven =L=—=+Ri. +e. (10)

dt

Substitute equations (8-10) into (7) to get:

2, d /.. . . . . .
V, = 3 [LE ((la +ai, + azlc)) + R((la + aip + azlc)) +
(eq + ae, + a? ec)] (11)

According to the definition given in equation (7) and the defini-
tions below for the load current and back-emf vectors

_2

is =3 (ig + aip + a?i,) (12)

e, = g(ea + ae, + a’e,) (13)

The output vector can be represented by the following differential
equation

di,

dt = VS_Ris_es (14)

The output vector equation (14) can be discretized using forward
Eular approximation

dig _ ig(k+1)=is(k)

" T, (15)
Then the discrete form of equation (14) is:

is(k+1) = (1= 55) 15(0) + Z (v (k) — e, (1) (16)
Also the back-emf e, (k) can be estimated using equation (14)
es(k=1) =Wk - 1) - 1is(k))— R+Disk=1) (A7)

Balance of the capacitors voltages is an important issue that af-
fects the performance of the inverter. Therefore, the prediction of
the capacitor voltage must be contributing in the evaluation of the
cost function and it’s calculated as follows:

i =C2 (18)

& _ v(k+1)-v (k)
dac Ty (19)
Using eq.’s (18 and 19) to determine the prediction of the capaci-
tors’ voltages:

Ver(k +1) = vey (k) + 2ica T (20)
Vea(k +1) = vep (k) + o T (21)

Where v and i, are the capacitor’s C; voltage and current re-
spectively , and v,and i, are the capacitor’s C, voltage and
current respectively.

6. Model predictive current control

In driving the power converters, model predictive current control
depends on the fact that there is a finite number of possible
switching states can be generated by a static power converter. The
system models can be used to predict the performance of the con-
trolled variables for each switching state. The future switching
state that will be applied to the converter is selected according to
the minimization of the pre-defined performance index or cost
function. In the current control strategy, the cost function is de-
fined as follows [21]:

e = |iaref(k + 1) - iap(k + 1)| + |iﬁref(k + 1) -
igp(k+ D]+ vy (k+ 1) — vy (k + 1)
(22)

Where
lgrer aNd igr.; are the real and imaginary components of the ref-
erence current
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lqp and ig,, are the real and imaginary components of the predict-
ed current

A block diagram of the predictive current control of the three
phase five level asymmetric converter is shown in Fig. (6). It can
be seen from Fig. (6) that the reference current is assumed to be
unchanged, that is:

iref(k +1)= iref(k)
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Fig. 6: Systematic Diagram of Predictive Current Control.
7. Simulation results

In order to evaluate the performance of the proposed inverter,
simulation has been achieved based on Matlab / Simulink. The
power circuit of the inverter is constructed using Simulink, while
the MPCC algorithm is implemented using Matlab function block.
The results from simulation has been obtained according to the
following design parameters:

Input DC Voltage: 600 V.

Input Capacitors Cyy, Cyp: 5000 pF.

Capacitors of the FCC: 2500 pF.

Filter impedances: 5 mH.

Filter resistances: 0.45 Q.

Load impedance: 5 +j0.7.

Sampling Interval: 50 psec.

The asymmetric stacked inverter produces three — phase 9-level
line to line voltages as shown in Fig. (7).
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Fig. 7: Three — Phase Line — to — Line Voltages (Pre — Filtered).

Fig. (8) shows the same voltages after processing based on the RL
filter.
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Fig. 8: Three — Phase Line —to — Line Voltages (Post — Filtered).

The load voltage and current per phase are shown in Fig. (9), it
can be noticed that they are in phase i.e. unity power factor (p.f=
0.998).
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Fig. 9: Single — Phase Load Voltage & Current.

A minimum Total Harmonics Distortion (THD) of the load current
is achieved as shown in Fig. (10).
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Fig. 10: THD of the Load Current.

Including the prediction of the input capacitors voltages in the cost
function leads to balance the voltages across these capacitors as
shown in Fig. (11) with acceptable voltage drop in both capacitors
(<40 ).
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