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Abstract—In this paper a model predictive control (MPC) has
been designed and implemented on the Packed U-Cell (PUC)
inverter which has one isolated DC source and one capacitor as
an auxiliary DC link. The MPC is designed to regulate the
capacitor voltage at the desired magnitude to have seven voltage
levels at the output of the inverter. Since grid-connected
application is targeted by this application, the inverter should be
capable of supplying requested amount of active and reactive
power at the point of common coupling (PCC) as well. Therefore,
MPC should also consider the line current control in order to
monitor the exchange of reactive power with the grid while
injecting appropriate active power at low THD. Various
experimental tests including change in DC source voltage, active
power variation and operation at different power factor (PF)
have been performed on a laboratory prototype to validate the
good performance obtained by the proposed MPC. The dynamic
performance of the controller during sudden changes in dc
capacitor voltage, supply current and PF demonstrates the fast
and accurate response and the superior operation of the proposed
controller.

Index Terms—PUC Inverter, Multilevel Inverter, Model

Predictive Control, Grid-Connected PV, Power Quality.

I. INTRODUCTION

he global electrical energy consumption is estimated to

rise on a positive slope for the coming years; therefore the
installed production capacity of classical high power stations
may not be able to meet the ever increasing demand.
Moreover, tolerating the conventional energy sources such as
fossil fuel, nuclear and perhaps gas is becoming a social issue
limiting possible implementations of such technology due to
pollution impact and for safety consideration as well. In order
to answer the ever growing energy demand, call for clean and
renewable type of energy sources, to fill up the gap left by
holding classical plant development, is answered by the
industry which nowadays is developing commercial Solar,
Wind, Biomass, and Geothermal [1, 2].
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These sources have become an important asset of the
world’s energy resources because of their non-polluting
nature, little maintenance, at acceptable price. The solar cell
behaves as a controlled current source which converts the
irradiance energy directly into DC current. To convert the DC
current/voltage into AC current/voltage while targeting high
efficient scheme, less polluted with low emission of
harmonics, power electronic converters are necessary;
moreover, multilevel family type of converters are the most
appropriate topologies to be considered [3-5].

Conventional inverters have some drawbacks like non
sinusoidal output voltage rich in harmonic distortion (THD),
high switching losses and thermal stress at high switching
frequency with high level of common mode noise. Multilevel
inverters constitute a class of devices which present interesting
features that are naturally adapted to solar energy conversion
schemes and therefore constitute an interesting solution to the
proliferation of solar energy technology [6-8]. Multilevel
inverters make use of switches and floating capacitors to
produce various symmetrical voltage levels when controlled
properly. The higher number of voltage levels produced, the
lower is the harmonic content [9, 10]. Traditional multilevel
inverters present many drawbacks though, they are costly and
hard to implement when the number of voltage levels
increases [11]. In order to attenuate the impact of such
problems, several studies have been conducted and new
multilevel inverters topologies have been proposed [12-18].
One promising topology is the Packed U-Cells (PUC) which
combines advantages of flying capacitor (FC) and cascaded H-
Bridges (CHB) and makes use of only one isolated DC source
while the second DC bus should be regulated at a desired
voltage level which influence the output voltage number of
level [19, 20].

Several control techniques have been studied concerning the
PUC like hysteresis current control [21], and nonlinear
controllers [20, 22]. All those controllers have been
implemented on the stand-alone inverter or rectifier
application of the PUC topology. Therefore, they were mainly
dealing with unity power factor operation as well as supplying
power to the stand-alone loads. Moreover, adjusting multiple
gains and using modulators to send the required switching
pulses to the power electronic devices are the main drawbacks
of the reported works.

Nowadays, power inverters are asked to provide both active
and reactive power for the utility in which the grid voltage and
current phase-shift as well as the current amplitude should be
monitored and regulated online [23]. Though the idea of MPC
was developed in 1960s [24], it remains simple and intuitive.
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Comparing MPC to other classical controllers, a large number
of calculations should be executed at each time step before
sending the appropriate optimal signal to the devices. MPC
consists of calculating the future behavior of the controlled
variables, comparing them to their references, calculating a
cost function that should be minimized in order to choose the
optimal state. On the other hand, it features some interesting
characteristics such as fast dynamic response, accurate
tracking, and no gains to tune and no need to use an external
type of modulators [25-31]. Some other research work dealt
with studying the delay effect on MPC compensation
performance as well [32].

In this paper, MPC is developed for the PUC inverter for
grid-connected application. The PUC inverter has been studied
and investigated as a renewable energy conversion device to
deliver green power to the grid while generating multilevel
voltage waveform with low harmonic contents at the ac
output. Consequently, the PUC inverter capacitor voltage and
the grid current should be controlled to have desired
predefined power quality regulated voltage of the second DC
bus as well as the desired operating Power Factor by changing
the grid voltage and current phase-shift accordingly. The paper
is organised as follow: after an Introduction to multilevel
converters and MPC, section II includes the PUC topology
description and switching sequences. MPC technique applied
on the PUC inverter has been investigated and designed
accurately and details are shown in section III. Experimental
results are illustrated and discussed in section IV to validate
the good dynamic performance of the proposed controller in
controlling several parameters in the grid-connected system.
Focus was put on operating condition changes that was
performed to show the fast response of the designed controller
in tracking the reference signal.

II. PACKED U-CELL TOPOLOGY AND
SWITCHING SEQUENCES

PUC converter has been introduced by Al-Haddad in 2011
[19, 22] and developed by Vahedi in 2015 [20, 33]. It can be
used as single-phase converter as well as three-phase
configuration. This topology is an intermediate hybridization
of FC and CHB with reduced number of capacitors and
semiconductors components. The general structure of the grid-
connected PUC inverter is shown in Fig. 1. The inverter is
connected to the grid through a line inductor (L) having a
parasitic resistor (r). The line current is controlled to flow
from the inverter to the grid with different phase angle proving
therefore controlled active and reactive power at the Point of
Common Coupling (PCC).

DC source and link amplitudes indicate the number of
output voltage levels; using the 1/3 ratio leads to producing
seven voltage level at the inverter output. Therefore, if V| =
3V, = 3E, then the output voltage waveform (Vy,,) contains
the voltage levels of 0, £E, +2E, +3E.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 like linear/nonlinear controllers or the advance

predictive control to fix the DC voltage accordingly. The
voltage control method is explained in details in section III.
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Fig. 1. 7-Level PUC Inverter in grid-connected application
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TABLE I
PUC SWITCHING STATES
States S Sh S. Vi o
1 1 0 0 Vi +3E
2 1 0 1 V-V, +2E
3 1 1 0 V, +E
4 1 1 1 0 0
5 0 0 0 0 0
6 0 0 1 -V, -E
7 0 1 0 V-V, -2E
8 0 1 1 -V -3E

PUC inverter consists of six active switches. Each switch
can have two states, where switches S’a, S!b and S’C are
working in complimentary with the associated switches of S,,
Sp and S,. all switching states and corresponding voltage levels
have been listed in table I. The use of 6 switches allows
reaching eight switching states including two redundant ones.

Comparing to the CHB or FC topologies generating 7-level
voltage, the PUC converter has less number of isolated DC
sources, DC capacitors and switching devices. However, the
main problem with this topology is the different voltage rating
of switches. Fortunately, the upper two switches working at
the fundamental frequency should suffer the highest voltage
while the four lower switches that have higher switching
frequency see the lower voltage which is compatible with
semiconductor devices performances.

III. MODEL PREDICTIVE CONTROL

Different control methods for voltage balancing and current
control exist such as linear/nonlinear controllers, predictive
model, fuzzy, etc [33-37]. Model Predictive Control or MPC
uses a model of the system to predict the future behavior of the
variables [24, 27].0ne of the major advantages of the FCS-
MPC compared to a traditional PI controller is the flexibility
to control different variables, with constraints and additional

0278-0046 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2542133, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

system requirements. Besides, using MPC avoids the cascade
structure which implies inner faster dynamic loop and outer
slower dynamic loop to control system parameters; such a
scheme is typically used in a linear control. The drawbacks of
FCS-MPC is that such a controller can operate at variable
switching frequency and also It requires a high number of
calculations to generate its output, compared to a classical
continuous control scheme.

Fig. 2 presents a general scheme for MPC to control the
grid-connected inverter. In general, MPC consists of
measuring the variable x(k)and use it in the predictive control
in order to calculate the future value x(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
PUC inverter through the switching pulses. Switching pulses
are produced according to the appropriate switching state
chosen by the MPC from the recalculated switching table.

Reference Value x” Sa
Minimization

of the S o PUC Grid

Cost Function S
o

Predictive
Control

x(kt+1)

x(k)

Fig. 2. General Scheme for MPC

Switches are considered ideal so they have only two states:
ON or OFF. In this work, there are 7 possible switching states
since two states generate same voltage (0 V).

The two variables that have to be controlled are the load
current i;and the capacitor voltage V,. Therefore, to simplify
the calculation, two new variables can be defined that reduce
the computations. S; and S, are used in order to simplify the
use of S,, Sy and S states. They are calculated depending on
Sa Spand S, values by using the following equations (1) and

2):

S, =S, -8, (1
S, =S, -8, @)
TABLE 1T
MODIFIED SWITCHING STATES BASED ON MPC
States Si Sz Viay
1 1 0 A\

2 1 -1 Vi-V,

3 0 1 Vs
4 0 0 0
5 0 -1 -V,

6 -1 1 Vi- 'V,

7 -1 0 -V,

Table II shows different possible operating states of the
PUC by introducing two new variables S; and S,.

The voltage vector generated by the inverter is calculated
using equation (3).

Viw = SVi + 55V, 3)
Concerning the capacitor voltage,

s _ sy, @)

i, = G, o

Using the Euler Forward Approximation, the capacitor
voltage can be replaced by equation (5)

AV, _ Valk + 1) = Vy(k)
dt T

N

(&)

Where, T is the sampling time.

Replacing (5) in (4), Eq. (6) can be obtained as the
following:

Valk + 1) = V3 = 222 (k) ©
2

The load current dynamics can be described by the vector
differential equation (7) as:

i
V, = v o+ rxi +Lxs %
‘ ‘ dt

Using again the Euler Forward Approximation, the load
current can be replaced by equation (8)

ﬂ _ i(k +1) — i (k) )
dr T

Substituting (8) in (7) results in the Eq. (9):

x T
i+ 1) = (1- 22

VXA + X B) =) ©)

Finally, the cost function g is derived as Eq. (10):

g(k) = k(i (k) = ip)* + ky(Vy (k) = V;)? (10)

The cost function g is calculated for the 7 possible switching
states, but S; and S, are chosen for the minimum value of g.
Once S; and S, are generated, the switching state number will
be determined using table II and then S,, Sy, and S. are then
selected based on table I to be sent to the PUC inverter
switches.

The grid current and the capacitor voltage are measured for
the instant k. Based on these values, v,(k+1), and iy(k+1) are
predicted using equations 6 and 9.The cost function at the
same instant k, is calculated using the values of v, and i at the
instant k+1.Therefore, in order to simplify the cost function
equation (10), it was mentioned for the instant k to just show
its general form applicability.

0278-0046 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2016.2542133, IEEE

Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

k; and k, 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
functions where there is only one variable to be controlled,
there is no need for weighting factors. In this case, we have
two variables to be controlled and they are equally important.
At first one can normalize the cost function and set the factors
equal to 1, and then change them in order to minimize the cost
function. At least two different figures of merit or system
parameters have to be considered, depending on the
application [31].

Fig. 3 shows the flow chart of the proposed MPC applied on
the 7-level PUC inverter. Two loops are executed. The outer
loop, consisting of measuring the grid current and the
capacitor voltage is executed every sampling time; while the
inner loop is executed 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(x) in order to store the optimal values. After
executing the 7 possible states, the minimum value of g is
chosen and the corresponding switching states are applied to
the semiconductor devices.

Note that the variables with stars denote the reference
values. Moreover, the reference current is generated based on
a grid voltage sampling coming from a PLL block; and its
amplitude is chosen arbitrarily regarding the amount of power
required to be injected into the grid. Furthermore, the phase-
shift between the grid voltage and current is applied to the
phase angle derived from the PLL in order to change the
Power Factor. If zero delay is applied to the phase angle, then
the unity power factor mode of operation will be achieved.
Similarly, adding some values to the phase-shift leads to
exchanging more reactive power with the grid which is
required in industrial plants to help sustaining voltage stability
at the PCC.

IV. EXPERIMENTAL RESULTS

A laboratory prototype of a single-phase 7-level grid-
connected PUC has been implemented in order to validate the
proposed predictive control. SiC Mosfets type SCT2080KE
has been used as switching devices with high frequency
characteristics to be suitable for MPC. The controller is
implemented using the dSpace 1103 real-time controller board
with the fixed point sampling time of 20us. The system
parameters as implemented for the experiment are given in
Table III.

TABLE III
SYSTEM PARAMETERS

DC Bus Voltage 150 vV
DC Capacitor (C) 1000pF
Line Inductor (L) 2.5 mH
Parasitic Resistor (r) 0.1Q
AC Grid Voltage 120 VRMS
Line frequency 60 Hz

_|Measure i(k),
vy and Vs(k)

Vi =S81V1 + S5V,
is(k+1) = (1-RT/L)is(k) + (T/L)(Vim(k)- vs)
Va(k+1) = Vao(k)-(TsSo/C2)is(k)

l

8(x) = ki(iy(k)- i;%) + ka(Va(k)-

Vor)
Wait for next
sampling instant NO
x=17
YES
Min {g}

and applying the
optimal switching state

Fig. 3. Flow chart of the MPC implementation

Fig. 4 has been captured from the working prototype. The
PUC inverter with the AC source and the second DC bus
capacitor are shown as well as the voltage and current sensors.

Fig. 5 illustrates the steady-state operation of the PUC
inverter in grid-connected mode. Grid voltage and current are
well synchronised and unity power factor mode of operation is
successfully achieved. Grid current follows the reference with
the desired value (5A/div). The capacitor voltage
reachesV/3Since the capacitor voltage is fixed at S0V, seven
levels voltage are generated at the output of the PUC inverter
including OV, £50V, £100V, £150V.

: LV seror |

‘

Diode Rectifier as DC
Source /

r K

A 28 Second DC Bus
o R Capacior

]
-

Fig. 4. Prototype of the power board with measured DC voltages.
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Fig. 5. Steady state voltage and current waveforms for grid-connected PUC.
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Fig. 6. Results during 20% grid voltage variation (from 140V to 110V peak).

Fig. 6 shows the voltage and current waveforms during the
grid voltage variation. One can notice that the capacitor and
inverter voltages, as well as grid current are not affected by
this change; their values are still respected to the desired
values while the grid voltage value decreases slightly.

The DC voltage source changes have been tested to verify
the controller capability to track the voltage reference of the
capacitor. As depicted in Fig. 7, the capacitor voltage tracks
the 1/3 of the DC source voltage amplitude acceptably while
the grid voltage and injected current were not affected by such
changes.

In continue, another test has been performed aiming at
exchanging reactive power with the grid. Therefore a sudden
change has been made in the phase-shift between grid voltage
and current from 0° to 30° which changes the PF from 1 to
0.85. Experimental results depicted in Fig. 8 indicate such
operation. As it is clear, the grid voltage and current are in
phase at the beginning of the cycle and then by varying the
delay, they have a phase-shifted of m/6 while the capacitor
voltage and current amplituderemain not affected.

The power factor is 0.859 corresponding to 31° phase-shift
between grid voltage and current waveforms. Consequently,
the active power is 208.5 W and the reactive power is 123.7
VAR.
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Fig. 7. Response to transient DC bus voltage changes.
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Fig. 8. Controller response to reactive power variations.

Eventually, In order to validate the dynamic performance of
the designed controller applied on grid-connected PUC, a
change in grid reference current amplitude has been made
during the real-time implementation. Therefore, the reference
current amplitude has been increased from 5A to 8A and then
decreased back to SA. Fig. 9 shows the voltage and current
waveforms for this change. As can be seen, the capacitor
voltage, inverter 7-level voltage waveform and grid current are
not affected by this change; their values are still controlled at
the desired ones while the unity power factor mode of
operation is ensured through the zero phase-shift between grid
voltage and current waveforms during the test.

Fig. 10 illustrates the grid voltage and current waveforms as
well as their RMS and THD% values that ensure the unity
power factor mode of operation as well as a very low
harmonic content of the line current is observed thanks to the
fast and robust MPC implemented on the 7-level PUC
converter. One can see that all state variables have been
controlled acceptably and 7-level voltage waveform has been
generated at the output of the inverter that reduces the
harmonic pollution significantly with less filtering effort and
minimum reactive components to be used.
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Fig. 9. Experimental results showing grid current reference amplitude 100%
increase and thereafter 50% decrease.
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Fig. 10. Grid side voltage and current waveforms, RMS and THD Values.

V. CONCLUSION

In this paper, a Model Predictive Control has been designed
for the 7-level PUC inverter in grid-connected mode of
operation, an excellent candidate for photovoltaic and utility
interface application to deliver green power to the utility. 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. Experimental results have
been provided to show the fast response of the implemented
controller on the grid-connected multilevel PUC inverter. It
has been demonstrated that the DC link capacitor voltage has
been regulated at desired level and 7-level voltage waveform
has been generated at the output of the inverter. The injected
current to the grid was successfully controlled to have
regulated amplitude and synchronized waveform with the grid
voltage to deliver maximum power with unity power factor.
Moreover, the PF has been controlled easily to exchange
reactive power with the grid while injecting the available
active power. Exhaustive experimental results including
change in the grid current reference, DC source and AC grid
voltages variations, as well as PF have been tested and results
have been illustrated which ensured the good dynamic
performance of the proposed controller applied on the grid-
connected PUC inverter.
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