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General Introduction

Nowadays, multilevel inverters (MLIs) are in rapid development and have become a
very useful solution [1]. A lot of publications have been introduced the most common MLI
topologies like Cascaded H-Bridge (CHB), Flying Capacitor(FC), Neutral-Point
Clamped(NPC), and Packed U-Cells (PUC) inverters. PUC inverter (classified as FC inverter)
has a lot of advantages compared with other MLI topologies such as high power quality, the
ability and flexibility in the multilayer voltage synthesis, simple construction, reduced number
of switches and DC sources reliability and less cost. Because the PUC topology uses only one
DC source, the capacitor voltage must keep balance at the reference value. Many control
techniques for PUC inverters have been suggested, like hysteresis controller, proportional-
integral (P1), and Model Predictive Control (MPC), it was not used widely due to high
computational cost, but recently, the rapid development in digital signal processors has become

the common solution [2].

This thesis aims to study PUC multilevel converter topologies with effective control
method in order to reduce the total harmonic distortion (THD) in the output waveform by
increasing the number of voltage levels, reduce the voltage stress on the switches, decrease the
size of the inverter by reducing the filter size, achieve the stability under step change in the
injected current to the grid and parameters mismatching.

In this regard, five and nine level PUCs with finite-control-set model predictive control
(MPC) have been modeled and simulated in this work. Different testing and parameters change
cases have been tested to verify the validity of used approach and to make sure that the

objectives have been achieved. A brief outline of the thesis is given below:

e The first chapter introduces the most popular of signal phase multilevel inverter
topologies and control approaches, as well as some comparisons between them.
e The second chapter shows the PUC5 and PUC9 topologies, and MPC control
technique, including model prediction, state variable normalization, and cost
function calculation. It demonstrates the robustness analysis of the suggested
model as well as the simulation results of model predictive control compared
with conventional control technique (based on PI with PWM) using

Matlab/Simulink software.
Finally, a general conclusion of this thesis and perspectives conclude this work.

1



Chapter 1: Overview Of Single-Phase Multilevel Inverters Topologies

Chapter I:

Overview Of

Single-Phase Multilevel

Inverters Topologies

I.1. Introduction

Multilevel converters have emerged as the most significant advancement over conventional
converters; which could only produce a two-level voltage waveform at the output. The two-
level waveform has a lot of harmonics, which needs the use of bulky filters to eventually

generate a sinusoidal voltage waveform.

Multilevel converter can produce different voltage levels using combinations of switches
and DC sources. The numerous levels reform the voltage waveform into a quasi-sine wave with
low harmonic components. Therefore, the need of large filters to eliminate voltage harmonics
is removed. On the other hand, dividing the voltage between switches makes it easier to use

multilevel converters in high-power applications using only medium voltage switches [1].

In this chapter, some of the most common single-phase multilevel inverters will be
presented, followed by a quick comparison between them to explain our decision to use the

packed U cell (PUC) inverter topology for our work.

I.2. Multilevel inverter

Several semiconductor switches and DC supply are included in a multilevel inverter. The
output voltage levels are produced by a combination of switch operations. The basic principle
of a multilevel inverter functioning is depicted in Figure I.1. In two-level, three-level, and n-
level configurations, it indicates the DC link and one leg of the inverter [1].

2
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Figure 1.1: One leg of, (a) 2-level, (b) 3-level and (c) n-levels inverter

Figure 1.1(a) depicts a conventional inverter that can produce +E or —E at the output point
with respect to the grounded neutral point, while Figure 1.1(b) depicts a three-level inverter that
produces +E, 0 and — E at the output, and Figure 1.1(c) depicts a n-level inverter that generates

multilevel voltages of 0, E, and +2E....

The semiconductor switches, as shown in Figure 1.1, are only exposed to E or less, but the
output may be higher than E. This characteristic of a multilevel inverter aids industry and
renewable energy resources in supporting high power needs and applications by utilizing

medium-voltage equipment.

Due to its appealing qualities, multilevel inverters have lately attracted the attention of
researchers and industry. The following are some of the most significant advantages of

multilevel inverters:

e Reduced output voltage distortion due to various output waveform levels.
e Used for High power applications.
e Lower switching frequency results in lower switching losses.

e Low harmonic voltage/current waveforms.

I.3. Single-phase multilevel inverter topologies

For single-phase multilevel inverters, various topologies have been proposed, which are

presented following.
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I.3.1. Cascaded H-bridge

This topology can be used for medium and high power applications; the cascade H-Bridge
(CHB) multilevel inverter is most commonly utilized. The CHB is made up of numerous units
of single-phase H-Bridge inverters connected in series [1]. The output voltage levels, depending
on the number of DC sources, will be able to range from -mE to mE, with 2m + 1 levels. Where
m is the number of distinct DC sources. Increasing the number of levels results in a virtually
sinusoidal output voltage waveform. Even without applying any filters, increasing the number
of levels causes the output voltage waveform to become almost sinusoidal. Figure 1.2 illustrates
a single-phase five-level CHB, which contains two single-phase HB cells. In this case, the five

output voltage levels are 0, +E, and £2E, which are shown in Figure 1.3.
Tal Ta2
pp—— E
Tal Taz;
g

ST @{L&

Figure 1.2: Single-phase five-level CHB inverter

voul

vout

+2E

+E

o
[ B}
)

-2E

Figure 1.3: The output voltage waveform of single-phase five-level CHB inverter
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The output voltage levels of the single-phase inverter CHB are listed in Table I.1. The main
disadvantage of this topology is the high cost of the inverter, because increasing the number of

voltage levels necessitates a large increase in the number of switches and DC sources.

Table 1.1: Switching states for five-level CHB Inverter

Tal Ta2 Thl Th2 vout
0 1 0 1 -2E
0 1 0 0 -E
0 0 0 0 0
1 0 0 0 +E
1 0 1 0 +2E

I.3.2. Neutral point clamped

Figure 1.4 depicts a five-level single-phase neutral point clamped (NPC) inverter, initially
proposed by Nabae, Takahashi et Akagi, 1981. After that, the five-level NPC has found many

developments and usage in industries [1].
Tal Thl
ER —
Dal Dbl
£ Ta2 Th2
r—————

Tal Thl
Da2 Db2
E2 /
Ta2 Th2

Figure 1.4: Single-phase five-level NPC inverter

1NOA
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The clamped diodes (D1a, D2a, D1b, and D2b) are connected to the DC capacitors neutral
points, resulting in a zero level addition to the output voltage. In this topology, clamping diodes
play a very important role in keeping the switch voltage at the necessary level [1]. The switching

state of a five-level NPC inverter is shown in Table 1.2.

Table 1.2: Switching states for five-level NPC Inverter

Tal Ta2 Thl Th2 vout
1 1 0 0 +E
0 1 0 0 +E/2
0 0 0 0 0
0 0 0 1 -E
0 0 1 1 -E/2

One of the advantages of this structure is its flexibility to be controlled using both
PWM and space vector modulation (SVM) [1]. Nevertheless, when the number of voltage levels
is very large, the system is hard to construct given a large number of semiconductors necessary

(the number of clamping diodes can be written as (m-1) (m-2), where m is the number of levels).

I1.3.8. Flying capacitor

The Flying Capacitor (FC) topology is also another multilevel inverter topology proposed
by Escalante Vannier and Arzandé, 2002. Figure 1.5 presents the topology of three-level FC
inverter. This topology has a similar number of switches as the NPC multilevel inverter, but the
number of additional capacitors beyond the primary DC-bus capacitors is (m-1)(m-2)/2, where
m is the number of levels. In addition, it needs a high number of isolators for DC capacitors, as
well as a complicated voltage balancing control, limiting its practical application [1]. Table 1.3

lists the switching state of a three-level FC inverter.

Table 1.3: Switching states for three-level FC Inverter

Tal Ta2 Thl Th2 vout
1 1 0 0 +E
1 0 1 0 0
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0 0 0 0 0
0 1 0 1 0
0 0 1 1 -E

Tal Thl

Ta2 Th2

E—/— —_— C1 = C2 é‘
L —
Taz T_b;{}

Figure 1.5: Single-phase three-level FC inverter

1.3.3. Packed U cell

This topology is a hybridization of FC and CHB with less capacitors and

semiconductors. Al-Haddad introduced the PUC converter in 2011, and Vahedi developed it in

2015 [3]. It can be utilized in both single-phase and three-phase configurations.

—_ ¥

r I+

Figure 1.6: Single packed U cell
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Packed U cells as shown in Figure 1.6, each U cell is made up of two power switches and
a capacitor. The benefits of the proposed concept will be confirmed in the next chapter by

simulation results and experimental validation [3].

I.4. Comparison between different single-phase multilevel inverter
topologies
Following the brief descriptions of multilevel inverter topologies, a brief conclusion based

on comparative analysis can be given, as shown in Table I.4.
Table 1.4: Single-phase multilevel inverter components

.n: Celle .m: number of levels

Topology NPC FC CHB PUC
Source DC (m-1) 1 (m-1)/2 1
No. of clamping diodes 2(m-2) 0 0 0
No. antiparallel diode 2(m-1) 2(m-1) 2(m-1) 21092 (m+1)
No. of switches 2(m-1) 2(m-1) 2(m-1) 21092 (m+1)
No. of capacitors 0 (m-2) 0 log,(m +1)-1

Total Number 7m-9 5(m-1) (9/2)(m-1) -

Based on comparison study, a short conclusion can be formulated after the conducted brief
descriptions related to multilevel inverter topologies, as shown in Tables 1.5 and 1.6. In

comparison to the other topologies, PUC5 and PUC9 have achieved reliability and lower costs.

Table 1.5: Comparison between five-level inverter topologies

Configuration NPC FC CHB PUC
Source DC 1 2 1
No. of clamping diodes 0 0 0
No. antiparallel diode 8 8 6
No. of switches 8 8 6
No. of capacitors 7 0 1
Total Number 20 18 14
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Table 1.6: Comparison between nine-level inverter topologies

8 1 4 1
14 0 0 0
16 16 16 8
16 16 16 8

0 7 0 2
54 40 36 19

I.5 Control of single-phase multilevel inverters

Several control methods have been proposed for the control of signal phase inverters, the

most frequently used ones being shown in Figure 1.7 [5].
Converter contro
methods
Linear
control
control

Sliding
mode

Current
control
Voltage
control

Predictive

Acrtificiel
intelligence

Deadbeat

Current
control

Trajectory
based

Neural
networks
Hysteresis
based

g

Figure 1.7: Different types of a signal phase inverter control schemes

I.5.1. Pulse width modulation (PWM)

The general concept of a pulse width modulator (PWM) is that the reference voltage is
compared to a triangular carrier signal and the output of the comparator is used to drive the
single-phase multilevel inverter switches. Figure 1.8 shown level-shifted PWM, that concept
differs from other methods in a small way, for n-level multilevel inverter, n-1 carrier wave
would be compared by sinusoidal wave [1], and the four carrier's waveforms (Crl, Cr2, Cr3,
and Cr4) are shifted vertically to modulate the reference waveform (Vref) completely, which

generating a pulsed voltage waveform at the output of the inverter.

9
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Figure 1.8: Level shifted PWM carriers for five-level inverter

I.5.2. Hysteresis current control

The main concept behind hysteresis current control is to keep the current inside the
hysteresis band by changing the converter's switching state whenever the current reaches the
boundary. Figure 1.9 depicts a single-phase inverter's hysteresis control scheme. Here, the
current error is used as the input of the comparator and if the current error is higher than the
upper limit 6/2, the power switches T1, T4 are turned on and T2, T3 are turned off. The opposite

switching states are generated if the error is lower than —6/2 [5].

X T1T4 1 TZ‘{}
—_—

. Y wlonle oy
iout-'—bo 7 1 IS ‘
2 T E =

T . T2T3
lout T3 Tﬂ

Figure 1.9: Hysteresis current control for a single-phase inverter

I.5.3. Model predictive control (MPC)

With the development of faster and more powerful microprocessors, implementation of
new and more complex control schemes is possible. Some of these new control schemes for
power converters include fuzzy logic, sliding mode control, and predictive control. Predictive
control has appeared as an attractive solution for the control of power converters due to its fast

dynamic response and increased control accuracy [5].

This is a basic control technique that calculates the control action at each sampling period
to provide an optimal value for a related control problem. The applied approach uses a dynamic

strategy to forecast future behavior based on the current state of the system. As a result, an
10
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optimal control solution will be found. A basic block diagram of this control technique is given

in Figure 1.10.

Model predictive controller

Future

error -
Reference Optimizer > Process >

Predicted

output

Model <

Figure 1.10: Block diagram of predictive control

I.6. Conclusion

In this chapter, an overview on single-phase multilevel inverters is presented. The most
common topologies are discussed and compared. As results, the PUC topology is quite
competitive to other topologies in terms of requiring a small number of capacitors and

semiconductor devices, and so avoids bulky installations.

In the following chapter, the PUC5 and PUC9 will be studied and controlled by advanced

control technique °’ Finite control set model predictive control”.
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Chapter 1I:

Model Predictive
Control for 5 and 9-
Level Packed U-Cell

Inverters

II.1. Introduction

Current control is one of the most studied control technics in power electronics, so it is
very important to study as a first step the application of model predictive control (MPC) in a
current control scheme. The proposed predictive control strategy is based on the fact that only
a finite number of possible switching states can be generated by a static power converter and
that models of the system can be used to predict the behavior of the variables for each switching
state [5]. This chapter presents a model predictive control (MPC) strategy to regulate the
capacitor voltages and current of five and nine-level packed U cell inverters in stand-alone and
grid connected mode and also applied MPC controller in two-level inverter to compare the

simulation results with those obtained by PUC topology.

II.2. PUC 5 topology and switching sequences

Figure I1.1 shows PUCS5 inverter topology, which consists of six active switches, one
isolated DC supply and one DC capacitor as second DC source (or dependent DC source),
where each pair of switches (S1&Ss, S2&Ss and S3&Ss) is working complementarily. Figure 11.1
shows also all the paths made by different switching states that have been studied noticing the
effects on capacitor voltage as illustrated in Table I1.1 [6].

12
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The DC source and link amplitudes indicate the number of output voltage levels, use the
ratio of 1/2 leads to generate a five-voltage level at the inverter output. So if V1 = 2V2 = 2E,
then the output voltage (Vad) contains the voltage levels of 0, £E, £2E. To reduce the number
of isolated DC sources, an energy storage device (DC capacitor) is used at the second DC bus
which needs voltage balancing methods such as linear/nonlinear controllers or the advance
predictive control to fix the DC voltage accordingly [6]. The voltage control method is

explained in details in next section.

S A

; idc +|-
'1/; f’ |

Vag H load

d
[}

P =4 4 PR
State:1 State:2 State:3 " State:4

S5 Joad D

]

S5 Joad D

(b)

Figure 11.1: (a) PUC5 Topology, (b) switching states of PUC 5 inverter
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Table I1.1: PUCS capacitor voltage states

0 1 0 0 Vic No effect
1 1 0 1 Ve -Ve Charging
2 1 1 0 Ve Discharging
3 1 1 1 0 No effect
4 0 0 0 0 No effect
5 0 0 1 - Ve Discharging
6 0 1 0 Ve - Ve Charging
7 0 1 1 - Vde No effect

I1.3. Model predictive control of PUC 5

Different control methods for voltage balancing and current control exist such as
linear/nonlinear controllers, predictive model, fuzzy, etc...[5]. Model Predictive Control or
MPC is an advanced and effective strategy to control the power converters. It is based on the
mathematical model of the studied system in order to predict the future behavior of the
controlled variables. Then, to form these predictions, a cost function defined and evaluated in
order to select the optimal control action [6]. One of the major advantages of the MPC compared
to a traditional PI controller is the flexibility to control different variables, with limitations and
additional system requirements. The defects of Model Predictive Control requires a high

number of calculations to generate its output, compared to a classical continuous control scheme

[6].

ig*(k+1)

ig(k+1) )
Minimization [€= Model Vvde

of the cost  u—LeltD) predictive [ Ve
function |Madle)l  MPC [+ yq

PUCS control strategy
PUCS inverter

Figure 11.2: Grid-connected PUC5 inverter with designed controller
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Figure 11.2 Presents the proposed control scheme based on model predictive (MPC) grid-
connected PUCS inverter. In which ig is the injected current from inverter to the grid, the typical
controller has been designed to control the amplitude and phase-shift of the grid current ig
results in delivering active power and exchanging reactive power desirably with the grid by the
PUCS inverter [1]. In the control strategy shown in Figure 11.2, the grid voltage vg is measured
and sent to the PLL to extract its phase angle 6, and sent it to the Sin block. This unit sine wave
is multiplied by desired value as maximum reference current lgmax Which can control the
amount of power injected to the grid. Then the reference grid current iy is extrapolated to
calculate the future value of the reference current iy (k+1). The model predictive control
consists of measuring the variables V¢(k), ig(k) and the vector voltage Vad(k), and use it in the
predictive control in order to calculate the future value Vc(k+1), ig (k+1) and Vad(k+1) of the
controlled variable for each one of the switching states. Then, a cost function is calculated in
order to choose the minimum value corresponding to the optimal state and apply it on the PUC5
inverter through the switching pulses [6].

The switching functions of the PUC5 inverter shown in are defined as:

0ifS; OFF .
i={1 5. ON i=12,3 1.1
The inverter output voltage can be formulated as:
V=V, +V, +tV, 1.2
Where the points a, b, ¢ and d are demonstrated in Figure Il. 1 and each voltage can be computed
based on the switching function as:
Vv, =(S, -1V,
Vie =(1-S,)(M, - V,) 1.3
Vg =@1=8,)V,
By substituting equation (11.3) into (11.2), then:
V, =, -)V,+(1-S,)(,-V,) + (1-S,)V,
V, =(S,-S,)V,*(S,-S.)V,

1.4

Since one of switches in each pair of S1&Ss4, S2&Ss and S3&Ss are turned ON, the switches

current can be shown as a function of grid current and switching function:

i, =S,i,
i,=S,i, 1.5
i, =S,
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Where
I, =1, +I, 1.6
I, =(S;-S))i, 1.7
Concerning the capacitor voltage:
. dv, :
I, =CW=(S3—SZ)|g 1.8

dv, _§5-S,)i, o
dt c '

Using the Euler Forward Approximation, the capacitor voltage can be replaced by equation:
dv, V. (k +D)-V (k)

at T. 11.10
Where, Ts is the sampling time.
Replacing (11.10) in (11.8), equation (11.9) can be obtained as the following:
Vc(k+1):Vc(k)+Mxi .11

C g

The grid current dynamics can be described by the vector differential equation (11.12) as:

. di
Vv, :R><|g—Ld—tg—vg 11.12
Using again the Euler Forward Approximation, the grid current can be expressed by:
. T.xR, . T
gk +)=(1-- )X'g+f(\/ad(k)—Vg) 11.13

Finally, the cost function g is derived as equation (11.14):

9(k) = AJi,” (K +2) iy (K +D)|+ 4, Vg, — 2V, (K +1) 1114

The cost function g is calculated for the 8 possible switching states, and Si, So, and Sz are
chosen for the minimum value of g, are then selected based on Table I1.1 to be sent to the PUC
inverter switches. A1 and A are two weighting factors, they are used to avoid coupling effects
in case of using several variables in the cost function. Indeed, there are no analytical or
numerical methods as such to adjust the weighting factors. In case of cost function where there

is only one variable to be controlled, there is no need for weighting factors [6].

Figure 11.3 exposed the flowchart of the proposed MPC applied on the 5-level PUC
inverter. Two loops are executed. The outer loop, consisting of measuring the grid current ig

and the capacitor voltage V. is executed every sampling time; while the inner loop is executed
16
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for each possible state. The inner loop consists of calculating the predictive values of the grid
current and the capacitor voltage and then calculating the cost function g in order to store the
optimal values. After executing the 8 possible states, the minimum value of g is chosen and the

corresponding switching states are applied to the semiconductor.

Measurel (k),
V.(k)V

A 4

Ym‘ = Esl _5:)""1_@:'53)"":
V_(k +1) =Vc(k)+TS xS

-5, xi

. T.xR, . T
(K +1) = A=) X+ Vg () V)
A
g(ky=2, |, (ks =i (k+ D+ A, [V, -2V (k +1)]
Wait for next No
Sampling instant X=8

Yes

Min {g} and applying the optimal
switching state

Figure 11.3: Flowchart of the proposed MPC for PUC5

I1.3.1. Simulation results

Numerous numerical simulations using Matlab/Simulink and sim-power systems packages
of the proposed system are carried out. The PUC5 inverter has been tested in two different
applications, stand-alone and grid connected modes. Simulation parameters have been
illustrated in Table I1.2. In order to verify the good performance of the proposed system, a
comparison between the proposed MPC control technique and a conventional control technique
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based on a PI controller and a PWM modulator has been accomplished as show in Table 11.4

:lg v

—Q)

PUCS inverter

Switching Pulses S1 To S3

It

Proposed Switching

Technique Chown In m |:I‘_q_*.‘_m‘_.‘_|£|

Figure 11.4: Control scheme of the conventional control technique-based PI-PWM modulator
For PUC5

Table 11.2: Test parameters

Grid voltage vqg 150V

Grid frequency f 50 Hz
Grid side inductor L 5mH
Grid side resistor R 0.1Q

DC capacitor C 2200 pF
Load side resistor R 30Q
Load side inductor L 20 mH
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a) Test 1: Stand-Alone Mode
PUCS inverter topology using conventional control strategy-based on PI regulator with
PWM modulator presented in Figure 11.4 has been tested under various current conditions and

fixed load.

Figure 11.5 shows the DC link capacitor voltage, load current and five-level output
voltage waveforms under fixed load condition using the conventional control technique, as can
be seen the DC link capacitor voltage is well regulated around half of the DC source voltage
and show a good tracking of the desired reference voltage. On the other hand, the load current
is well regulated around its reference with a quasi-sinusoidal form. Figure 11.8 shows the THD
analysis of the load current, where the obtained THD is less than 5%. Furthermore, a

symmetrical 5-level waveform is well generated at the inverter output.

Furthermore, to show the dynamic performance of the conventional control technique, a
variation in the load current reference is occurred. Figure I1.6 presents the response of the
system under current variation, where the obtained results show that the load current present a
good tracking response of its reference and kept their sinusoidal form, otherwise, the DC link

capacitor voltage shows a fluctuation of 5 volts around its reference as illustrated in Figure I1.7.

PUCS inverter topology using model predictive control strategy has been also tested under
various current conditions and fixed load. Simulation results of this test under steady state
condition are provided in Figure 11.9. As shown in Figure 11.9, the DC link capacitor voltage is
well balanced at desired voltage reference and equal to the 1/2 of the DC source voltage, where
the load current is regulated at the maximum value without any fluctuations and with perfect
sinusoidal form. On the other hand a symmetrical five level voltages waveform has been
perfectly generated at the PUC5 inverter output. The load current harmonic contents analysis
presented in Figure 11.12 show low amount of THD (<5%) and lesser than the obtained THD%

with the conventional control strategy which prove the effectiveness of the proposed controller.

In order to verify the robustness of the proposed control technique, a variation in the load
current reference is applied on the proposed system. The obtained results presented in
Figure 11.10 prove the good dynamic performance of MPC in variable reference current
conditions in terms of load current waveform and DC link voltage response as illustrated in
Figure 11.11, where the DC link voltage shows a very small fluctuation compared to the obtained
response using the conventional control strategy. Table 11.3 illustrates a comparison summary

table between the obtained results between the proposed system using MPC and the
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conventional control technique based on Pl with PWM in terms of current quality and DC link
capacitor voltage fluctuations.
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Figure 11.5: Simulation results of PUC5 using Pl with PWM
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Figure 11.6: Response of DC link capacitor voltage, load current and five-level output

voltage, under current variation using Pl with PWM
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Figure 11.7: Zoom of the DC link capacitor voltage variation using Pl with PWM
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Figure 11.9: Simulation results of PUC5 operation under fixed load condition using MPC
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Table 11.3: Comparison between Pl with PWM and MPC

) Voltage variations in the
THDiI (%) .
capacitor's (V)
Regulator Pl with PWM 1.54 5.25
Controller MPC 0.57 0.06

b) Test 2: Grid-connected Mode

In this test, the PUCS5 inverter is connected to a single-phase AC source where the proposed
system aims to inject active power to the grid.
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Figure 11.13: Waveforms of DC link capacitor voltage, five level output voltage and grid
current and voltage: (a) under grid current reference variation, (b) under fixed grid current

reference using Pl with PWM
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Figure 11.15: THD analysis of the grid current

Figure 11.13 (a) & (b) illustrates the dynamic and steady state response of the proposed
PUCS topology using conventional Pl with PWM control strategy, as we can observed, the DC
link capacitor voltage is oscillating around the reference value equal to half the DC source
voltage and shows a voltage variation around the reference equal to 10 voltage as depicted in
Figure 11.14. On the other hand, the grid current has a good sinusoidal form and well
synchronized with grid voltage under fixed and variable grid current reference with an THD
less than 5% equal to 4.19% as presented in Figure 11.15. Furthermore, the Pl with PWM control

strategy allows producing a five-level voltage waveform at the inverter output.

Figure 11.16 (a) & (b) presents the response of the grid connected PUC5 topology using
MPC, as presented the DC link capacitor voltage is well balanced around 1/2 of the DC source
voltage and track perfectly its voltage reference allowing to produce a symmetrical five level

voltage at the inverter output. On the other hand, the grid current has a perfect sinusoidal form
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and perfectly synchronized with the grid voltage compared to the obtained results using the Pl
with PWM strategy.

In terms of DC link voltage fluctuations, the proposed system using MPC shows a very
small voltage fluctuations less than 0.1 volt, as presented in Figure 11.17. On other hand, the
low amount of the grid current THD presented in Figure 11.18 reveal the fact that the proposed

MPC allows the system to perform at higher level of power factor (unity power factor).
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Figure 11.17: Zoom of DC link capacitor voltage using MPC
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Figure 11.18: THD analysis of the grid current

Table 11.4: Comparison between Pl with PWM and MPC

) DC link capacitor voltage
THDi (%) )
fluctuations (V)
Regulator Pl with PWM 4.19 9.7
Controller MPC 1.43 0.07

I1.4. PUC 9 topology and switching sequences

As shown in Figure 11.19, nine-level PUC inverter is designed by adding another U-cell to
PUCS topology. It is composed of eight active switches, two capacitors and a single DC source.
The power switches are organized into four pairs including (S1, Ss), (S2, Ss), (S3, S7) and (Sa, Sg)
where they operate complementary to prevent the short circuit action. The first capacitor is
called C1 and is charged to half of DC source; the other capacitor named C2 is also charged to
one-fourth of DC source. Using the capacitors voltages and switching vectors presented in
Table 11.5, the nine-level voltage is generated at the inverter output.

As presented in Table 11.5, the capacitor voltages charging and discharging in PUC9 are
directly affected by the switching states. To achieve a balanced capacitors voltage, it is
necessary to implement the PUC9 inverter under supervision of a closed loop control [7].

Table 11.5: PUC9 Switching states and capacitor voltage charging and discharging modes.
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1 1 0 0 0 Ve No effect No effect
2 1 0 1 0 Vic - Vert Vez Charging Discharging
3 1 0 0 1 Vic - Ve2 No effect Charging
4 1 0 1 1 Vic - Ve Charging No effect
5 1 1 0 0 Vcl Discharging No effect
6 1 1 1 0 Ve2 No effect Discharging
7 1 1 0 1 Vei- Ve2 Discharging Charging
8 1 1 1 1 0 No effect No effect
9 0 0 0 0 0 No effect No effect
10 0 0 1 0 Veo- Vo Discharging Charging
11 0 0 0 1 -Ve2 No effect Discharging
12 0 0 1 1 - Ve Discharging No effect
13 0 1 0 0 Vei1- Vie Charging No effect
14 0 1 1 0 - Ve + Ve2 No effect Charging
15 0 1 0 1 Vic + Ver- Ve2 Charging Discharging
16 0 1 1 1 - Ve No effect No effect

A
SJ_I: ';I S5
Vdc
7 P

S2

A

IZ

Vout

L] toac

Figure 11.19: Nine-level PUC inverter topology
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II.5. Model predictive control of PUC 9

Model predictive control is a discrete dynamic model-based controller, which selects the
best switching vector through a cost function which can be defined based on mathematical
models of PUC parameters like capacitors voltage, load current, switching frequency, switching
modulator, ...etc. One of the major advantages of MPC is direct selection of switching state
without any switching modulator like SPWM or SVPWM, which reduces the cost and
complexity of control loop design. In addition, due to exact modeling of PUC, which is used

for MPC, the capacitors size can be decreased remarkably [9].

In this case, three variables are controlled by the proposed model predictive (MPC), which
are the grid current iq and the capacitors voltages Vc1 and Vco. The value of capacitor voltages
Ve1 and Ve are regulated to Vae/2 and Vac/4 respectively in order to generate nine voltage levels.
Figure 11.21 presents the block diagram of MPC for nine-level PUC in grid-connected mode.
For a stand-alone mode, the grid source will be removed from the control loop presented in
Figure 11.21.

m{} _________________________________________________

Extrapolation

ig*(k+1)
- iglk+1) — ig
¢ ic g SL S Vo(k+)| Model  f— Vel
EEES b SR o 52 €| Minimization of 'y | predictive je— Ve
I: g 53 +— the cost function Voslk) MPC L e

,---?___F_C _____ ] PUC9 control strategy
4 Grid connected

PUC9 inverter ?

Figure 11.21: Grid-connected PUC9 inverter with MPC controller
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The grid-connected PUC9 inverter can be modelled using the Kirchhoff laws as follows:

di(t

L'd@’—t()szig—vout -V, 11.15
cz%z(ss—s 2i, 11.16
02%2(84—83)% 1117

Using again the Euler Forward Approximation, the capacitors voltage C1, C2 and the grid

current can be expressed as:

i (k +1):(1—RXTS)ig+-II-_—S(\/O(k +)-V,) 11.18
Vey(k +1) Ve, () + (8,8 )i, (k) 119
Ve, (k +3) =Ve, () + 2 (5, -8, () 1,20

2

Where ig(k+1), Ve1, 2(k+1) are predicted models for load current and capacitors voltage for the
next sample time respectively.
According to the predicted equations presented in Equations (11.18), (11.19) and. (I1.20), the MPC cost

function is defined as follows:

g(k) =4

Iy (K+D) =iy (K+D)|+ 4, My =V K+ D]+ AV, =V, (k+D) .21

Where ig (k+1), Va1, V2 are the desired values for the grid current and capacitor voltages
respectively and A1, A2, A3 are the cost function weighting factors, which are used to assign the
importance of each term in the control process. The cost function weighting factors must be

selected properly, they have direct effect on the MPC performance.

Figure 11.22 shows a flowchart that explains the algorithm operation principle. The cost
function g (K) is calculated for 16 possible switching states of Table I1.5 in each sampling time.

It selects the best switching state of the inverter.
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Figure 11.22: Flowchart of the proposed MPC for PUC9

II.5.1. Simulation results

The proposed system has been exposed to several numerical simulations using
Matlab/Simulink and sim-power systems packages. The PUC9 inverter has been also tested in
both stand-alone and grid-connected applications. Simulation parameters are shown in Table
I1.2. A comparison between the proposed MPC control approach and a classic control technique
based on a PI controller and a PWM modulator has been also carried out in order to validate
the good performance of the proposed system using the nine-level inverter in terms of current
THD and DC link voltage fluctuations.
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Figure 11.23: Control scheme of nine-level inverter using the conventional control technique

based on PI regulator with PWM modulator

a) Test 1: Stand-Alone Mode
Under various current conditions and fixed load, the PUC9 inverter topology has been

tested using conventional Pl with PWM and model predictive control strategies.

Figure 11.24 shows the DC link capacitor voltages, load current and nine-level output
voltage waveforms under fixed load condition using the conventional control technique-based
on a PI controller and a PWM modulator, one can see that the DC link capacitors voltage are
charged and well-regulated around their references, half and quarter of the DC source voltage
for Vcl and Vc2 respectively allowing to produce a perfect nine level voltage waveform at the
inverter output. The load current has a quasi-sinusoidal form with a total harmonic distortion

less than 1% as depicted in Figure 11.27.

Figure 11.25 illustrates the dynamic performance of the proposed topology using
conventional control strategy under current reference variations, the DC link capacitors voltage
shows a good balancing around their references and shows a small voltage fluctuations less
than 1 volt (Figure 11.26), where the load current kept the sinusoidal form along with the load
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current reference variations. The inverter output voltage has always a

nine level voltage despite the current reference variations.

perfect and symmetrical
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Figure 11.24: Simulation results of PUC9 operation under fixed load
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Figure 11.25: Waveforms of capacitors voltage, load current and five-level output voltage

under current variation using Pl with PWM
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Figure 11.27: THD analysis of load current

Figure 11.28 & 11.29 shows the simulation results of proposed topology using MPC control
strategy this test under fixed load and variable load current reference conditions. As shown in
Figure 11.28 both capacitors are balanced at desired voltage reference, where V¢l is equal to
1/2 of the DC source voltage and V2 is equal 1/4 to the DC source capacitor. On the other hand
the load current is regulated at the maximum value without any fluctuations and with
perfect sinusoidal form. Furthermore, a symmetrical nine level voltages waveform has been
perfectly generated at the PUC9 inverter output. The harmonic contents analysis of load current
shown in Figure 11.31 shows a low amount of THD (<5%) which prove the effectiveness of the

proposed controller and better than the obtained THD using the conventional control strategy.

A variation in the load current reference has been applied to the proposed system in order
to evaluate the dynamic performance of the proposed control technique. Figure 11.29 shows the
simulation results of load current and capacitors voltages under variable reference current

conditions. As illustrated, a perfect balancing of the DC link capacitors voltage has been
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occurred with minimum voltage fluctuations as depicted in Figure 11.30, where the load current
tracks its reference and kept a perfect sinusoidal form with less harmonics as presented in Figure
11.31.
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Figure 11.28: Simulation results of PUC9 operation under fixed load condition using MPC
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under current variation using MPC
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Figure 11.31: THD analysis of load current

Table 11.6 illustrates a comparison between the obtained results of proposed system

using MPC and the conventional control technique, where the MPC shows their superiority in

terms of DC link capacitor voltages balancing and harmonic elimination.

Table 11.6: Comparison between Pl with PWM and MPC

DC link capacitors voltage fluctuations
THDi (%) V)
C1 C2
Regulator Pl with PWM 4.19 1.55 0.92
Controller MPC 1.43 0.195 0.07
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b) Test 2: Grid-Connected Mode

In this test, the PUC9 inverter is connected to a single-phase AC source where the output
voltage of the inverter must be greater than the grid voltage to achieve active power injection
to the grid. The output voltage of the inverter Vout has a peak value of 200V, while the grid
voltage has a peak value of 150V.

Figure 11.32 (a) & (b) shows the response of the proposed system using the conventional
control technique-based on a PI controller and a PWM modulator. The DC link capacitors
voltage shows a perfect balancing with a very small fluctuation around their reference as
illustrated in Figure 11.33, the grid current in steady and variable conditions of grid current
reference, has a sinusoidal from and well synchronized with the grid voltage with low THD as
presented in Figure 11.34, the nine-level voltage waveform has been obtained easily at the

inverter output and has a symmetrical shape.
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Figure 11.32: Waveforms of DC link capacitor voltage, nine level output voltage and grid
current and voltage: (a) under grid current reference variation, (b) under fixed grid current

reference using Pl with PWM

37



Chapter II: Model Predictive Control for 5 and 9-Level Packed U-Cell Inverters

1005 T
{==VeI*—Vcl

7 J

Voltage|V]
E

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Voltage|V|

-—
e
>

—

.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 16 0.18
Time|S]
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Figure 11.34: THD analysis of the grid current.

Figure 11.35 (a) & (b) illustrates the obtained results of the proposed topology response
using MPC control strategy. From the obtained results we can observe that the DC link
capacitors are well balanced with a very small fluctuation as presented in Figure 11.36, the good
balancing of the DC link capacitors voltage allows to obtain a very good and symmetrical nine
level output voltage regardless of the current reference variations, on the other hand the grid
current ig shows a sinusoidal form with very less harmonic values (Figure 11.37) and with a
perfect synchronization with the grid voltage, which prove the high dynamic performance

of the proposed MPC strategy.

Table 11.7 Illustrates a comparison between the obtained results between the proposed
system using MPC and the conventional control technique in terms of current quality and DC

link capacitors voltage fluctuations. From the obtained results we can observe the superiority
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of the proposed MPC compared to the conventional control strategy in terms of harmonics

elimination and DC link capacitors voltage balancing.
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Figure 11.35: Waveforms of DC link capacitor voltage, nine level output voltage and grid
current and voltage: (a) under grid current reference variation, (b) under fixed grid current

reference using MPC
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Figure 11.36: Zoom of the DC link capacitors voltage using MPC.
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Figure 11.37: THD analysis of the grid current.
Table 11.7: Comparison between Pl with PWM and MPC.
DC link capacitors voltage fluctuations

THDi (%) (V)
C1 C2
Regulator Pl with PWM 2.66 0.66 0.4
Controller MPC 1.14 1.64 0.74

I1.6. Comparison between PUC inverter and two-level inverter

Table 11.8 and 11.9 illustrate a summary of the current THDi analysis and the voltage THDv
of the inverter output obtained from using MPC and conventional Pl with PWM control
strategies with different inverter topologies used in this chapter in grid connected application.
All the obtained results have been compared with the conventional two-level inverter in order
to demonstrate the superiority of the proposed multilevel inverters topologies.

Table 11.8: Comparison between simple two-level and PUC five nine-level signal phase
inverter with MPC

Control strategy Model predictive control (MPC)
Signal phase inverter | Simple Two-level | PUC five-level PUC nine-level
THDiI (%) 2.76 1.43 1.14
THDV (%) 82.46 40.38 32.71
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Table 11.9: Comparison between simple two-level and PUC five nine-level signal phase
inverter with Pl and PWM

Control strategy Pl with PWM
Signal phase inverter | Simple Two-level | PUC five-level PUC nine-level
THDi (%) 4.97 4.19 2.66
THDv (%) 157.71 130.30 81.69

From these tables, we can conclude that the PUC9 inverter demonstrate a very high quality
in terms of current and voltage harmonics. On the other hand, the proposed MPC shows better

results compared to the conventional Pl with PWM control.

I1.7. Conclusion

In this chapter, analytical studies have been carried out for multilevel inverters topologies
PUCS5 and PUC9 inverters with different control strategies; a conventional Pl with PWM and
MPC control strategies. The main goal is to bring out the benefits of multilevel inverters in
terms of current losses limitation and voltage fluctuations, where different DC link capacitors
voltage balancing techniques have been studied and tested for both inverter topologies. The
obtained results shows that model predictive control strategy is the most suitable current control
technique for multilevel inverters; on the other hand nine level PUC9 inverter demonstrate a
very high capabilities in terms of current harmonics elimination and voltage fluctuations

compared to five level PUCS inverter or two-level inverter.
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Conclusions

In this thesis, analytical studies have been carried out for multilevel inverters
topologies PUC5 and PUC9 with different control strategies; a conventional Pl with PWM
and MPC control strategies. The PUC5 topology with three pairs of switches can generate five
different voltage levels, and PUC9 with four pairs of switches can generated nine voltage levels.
On the other hand, MPC is a simple and intuitive method that does not have confusing gains to

adjust as well as featuring fast response during any change in the system parameters.

The simulation results demonstrate that the implemented MPC controllers have fast
response on signal phase multilevel PUC inverters with high current quality compared with the
strategy based on Pl with PWM. In addition, the DC link capacitor voltages are seen to be
regulated at the desired levels, and five and nine-level voltage waveforms have been formed at

the inverters outputs.

The following future research works are suggested as an extension to the knowledge

presented in this thesis:

e Comparison of MPC controllers with other control techniques.
e Performance improvement of the predictive strategy, where more investigations are

needed such as weighting factor selection and variable switching frequency.
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ABSTRACT

This thesis describes a grid-connected system with five and nine level PUC topologies
using a Model Predictive Control (MPC) technique. The studied system consists of a single
phase multilevel inverter with three pairs of switches for PUC5 and four pairs for PUC9 that
work in a complementary matter. These topologies have the ability to generate five and nine
different voltage levels with less number of active and passive components comparing with
conventional multilevel inverter topologies. The suggested control technique (MPC) aims at
reducing the total harmonic distortion (THD) of the grid injected current compare with
conventional control while balancing the capacitors’ voltages at their nominal reference values.
Robustness analysis of the proposed model including the effect of a step change in the injected
current into the grid. Theoretical analysis, mathematical modelling and simulation results using
Matlab/Simulink software are presented in this thesis. The PUC5 THD of the injected current
for the MPC is 1.43%, and 1.14% with PUCO.

Résumé

Cette thése décrit deux topologies PUC a cing et a neuf niveaux connectées au réseau a
I'aide d'une technique de modéle de contréle prédictif (MPC). Le systeme étudié se compose
d'un onduleur monophaseé a plusieurs niveaux avec trois paires d'interrupteurs a PUC5 et quatre
paires a PUC9 qui fonctionnent de maniere complémentaire. Ces topologies ont la capacité de
générer cing et neuf niveaux de tension différents avec moins de composants actifs et passifs
par rapport aux topologies d'onduleurs multiniveaux classiques. La technique de contréle
suggérée (MPC) vise a réduire la distorsion harmonique totale (THD) du courant injecté dans
le réseau par rapport au contrdle conventionnel tout en équilibrant les tensions des
condensateurs a leurs valeurs nominales de référence. Analyse de robustesse du modele proposé
incluant I'effet d'un changement progressif du courant injecté dans le réseau. Les résultats de
I'analyse théorique, de la modélisation mathématique et de la simulation a l'aide du logiciel
Matlab/Simulink sont présentés dans cette thése. Le THD du courant injecté pour le modeéle
proposé avec PUCS est de 1,43%, et 1,14% avec PUCO.
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