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Abstract: - This paper describes a photovoltaic-grid connected Nine Level Packed U Cell (PUC9) topology 
using a Finite Control Set – Model Predictive Control (FCS-MPC) technique. The proposed system is a single-
phase multilevel inverter, with four pairs of switches that work in a complementary matter, one DC source and 
two flying capacitors connected to the grid through a filtering inductor. This topology has the ability to generate 
nine different voltage levels with less number of active and passive components comparing with conventional 
multilevel inverter topologies. The proposed control technique (FCS-MPC) aims at reducing the total harmonic 
distortion (THD) of the grid injected current 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, parameters’ mismatching, and grid voltage sag and swell have been conducted on a single phase 
low power (PUC9) inverter. Theoretical analysis, mathematical modelling and simulation results using 
MATLAB/SIMULINK software are presented in this paper.  
The obtained THD of the injected current for the proposed model is 1.13% and the capacitors’ voltages error is 
less than 5%. 
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1 Introduction  

Nowadays, multilevel inverters (MLIs) are in rapid 
development and have become a very useful solution 
for renewable energy resources applications due to 
its ability to deal with different power rating, 
switching semiconductors, operating frequency, and 
applied voltage and current [1].  

There are hundreds of publications dealt with 
multilevel converter technology and pointed to the 
importance of using this technology for high-power 
converters.  

The most applied topologies are Cascaded H-Bridge 
(CHB), Flying Capacitor (FC), Neutral-Point 
Clamped (NPC), and Packed U-Cells (PUC) 
inverters. Figure1 shows the general configuration of 
MLIs integrated with the local electrical grid, where 
the PV generators can be one or more connected is 
such a way to form voltage levels in combination 
with connected capacitors [2]. 

In comparison with conventional inverters, MLIs are 
characterized with low total harmonic distortion; 
lower switching frequency, high power rating and 
less electromagnetic interference in addition to 
decreased switching losses.   

PUC inverter classified as FC inverter has many 
advantages compared with other MLI topologies 
such as high power quality, ability and flexibility in 
the multilayer voltage synthesis, simple construction, 
reduced number of switches and DC sources, 
reliability, and less cost. 

There are many control methods proposed to control 
PUC inverter, in [3] a novel six band hysteresis 
controller were proposed, which has a fast dynamic 
and robust behavior, but it can’t deal with variable 
switching frequency. 

In [4] the authors proposed a 14-band hysteresis 
controller to control a 16-level PUC inverter. In [5,6] 
the authors used two proportional-integral (PI) to 
control the capacitor voltage at the desired value, and 
the gate signals were generated using multicarrier 
and reference voltage comparison. 

Model Predictive Control (MPC) is one of control 
techniques that used for power engineering, in the 
past, it was not used widely due to high 
computational cost, but recently, the rapid 
development in digital signal processors have 
become the common solution [7-12].  
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Fig.1: General circuit configuration for Grid-tie 
MLIs inverter. 

2 Mathematical Modeling 

2.1 Principle of operation of  PUC9 
This model is very similar to seven levels PUC 
inverter, but one pair of switches and one capacitor 
were added. The THD of the output voltage is 
expected to decrease due to the generated additional 
voltage level.  Furthermore, the stress on the 
switches decreased as well because of limited 
amount of voltage that being handled by the switch 
as shown on Fig.2, [13-17].  

 
 

a) Circuit configuration with grid 
integration. 

 
 

b) Configurations for state 7 and 8. 
Fig.2: Nine-level PUC multilevel inverter topology. 

 
Where it can be observed that PUC9 requires one 
PV source presented as VDC, 8 switches and 2 
capacitors with 16 combinations that make it 
competitive to other MLIs.  
The proposed model has four pairs of 
switches(S1,S1’), (S2,S2’), (S3,S3’), and (S4,S4’) 
triggered in a complementary matter, let Sx{0,1}, 
where x{1,2,3,4} and the obtained combinations are 
stated in table 1. 

ݔܵ ൌ ൜
1, ݂݅ ݔܵ ܱܰ	ݏ݅
0, ݂݅ ݔܵ  (1) ;ܨܨܱ	ݏ݅

  
Where, VDC is the voltage of the single source of the 
PV generator; VC1and VC2 are the voltages of first 
and second capacitors respectively; and VAN is the 
inverter output voltage. The proposed model 
generates 9 voltage levels (0, ±E, ±2E, ±3E, ±4E), 
where E= VDC/4 which presents the reference 
voltage. The rated value of the DC voltage is VDC = 
4E, while VC1 = 2E and VC2 = E. 
In the proposed model the grid current ig(t) must 
track the grid current reference, in addition to that , 
also the capacitors voltage VC1(t) and VC2(t) must be 
maintained at their nominal voltage values.  
The generated output voltage of this inverter 
depends on the proposed voltage reference E and on 
the switching states with values presented in table 1, 
where the abbreviations B stands for bypass, C for 
charging &D for discharging. 
 
Table1: Switching states and voltage of PUC9 
multilevel inverter 
St
at

S
1

S
2

S
3

S
4

Vout Van C1 C2 

1 0 0 0 0 0 0 B B 

2 0 0 0 1 -E -VC2 B C 

3 0 0 1 0 -E -VC1+VC2 C D 
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4 0 0 1 1 -2E -VC1 C B 

5 0 1 0 0 -2E -VDC+VC1 D B 

6 0 1 0 1 -3E -VDC+VC1-

VC2 

D C 

7 0 1 1 0 -3E -VDC+VC2 B D 

8 0 1 1 1 -4E -VDC B B 

9 1 0 0 0 4E VDC B B 

10 1 0 0 1 3E VDC-VC2 B C 

11 1 0 1 0 3E VDC-

VC1+VC2 

C D 

12 1 0 1 1 2E VDC-VC1 C B 

13 1 1 0 0 2E VC1 D B 

14 1 1 0 1 E VC1-VC2 D C 

15 1 1 1 0 E VC2 B D 

16 1 1 1 1 0 0 B B 

2.2 Mathematical model of PCU9 
Refer to Fig.1, and by applying Kirchhoff current 
and voltage laws the  relations between grid current 
ig(t), capacitors voltages VC1(t) ,VC2(t), and the 
switching states Sx can be expressed as follow [18, 
19]: 

	1ܥ
݀ ஼ܸଵ

ݐ݀
ൌ ሺܵ3 െ ܵ2ሻ ሻ (2)ݐሺ݃݅	ݔ

	2ܥ
݀ ஼ܸଶ

ݐ݀
ൌ ሺܵ4 െ ܵ3ሻ ሻ (3)ݐሺ݃݅	ݔ

  

	݂ܮ
݀݅݃ሺݐሻ
ݐ݀

ൌ ሺܵ1 െ ܵ2ሻ	ݔ ஽ܸ஼ሺݐሻ

൅ ሺܵ2 െ ܵ3ሻ	ݔ	 ஼ܸଵሺݐሻ

൅	ሺܵ3 െ ܵ4ሻ	ݔ	 ஼ܸଶሺݐሻ

െ ܸ݃ሺݐሻ 

(4)

Where, C1 & C2 are model capacitors; VDC is the 
source voltage; VC1 and VC2are the capacitor 
voltages respectively; S1, S2, S3, S4 are switching 
states; Lf is the filter inductance; Vg(t) and  ig(t) are 
grid voltage and current .  

2.3 Mathematical modeling of FCS-MPC 
technique 

 
Finite Control Set Model Predictive Control (FCS-
MPC) is one of the most used control techniques 

that gives an optimal solution for related control 
problem by calculating the control action at each 
sampling time. The applied approach uses a 
dynamic strategy to forecast the future behavior 
from the current system state. So an optimal control 
solution will be generated.  
The main advantage of this method is that the 
switching actions are considered as constraints on 
the control input of the system, as a result for that, 
the modulation levels are not required. [21, 22]. 
 Fig. 3 shows the general control scheme for FCS-
MPC. 

 

Fig.3: General control scheme for FCS-MPC. 
 

Nowadays, MPC is used in several technical control 
applications [22-25], because it can deal with 
multivariable control, and unstable systems. 
However, MPC standard method does not care to 
the variation range of input and output, which leads 
to less tracking capabilities. 
In general, MPC has the following main 
components: 

‐ Prediction model 
‐ Objective function 
‐ Optimizing algorithm 

 

The main challenge for the control method used in 
this paper is to keep the voltages of the capacitors at 
their rated voltages while tracking the grid current 
reference. Another important issue, that any change 
in one of the controlled parameters (such as 
capacitors’ voltages or grid current) should affect 
the rest of parameters, which in turn complicating 
the control decisions. 
The proposed solution in this research is to 
normalize the state variables by calculating the 
maximum variations of the state variables. These 
variations should be used as additional optimization 
criteria in the cost function calculation.  
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2.3.1 Model Prediction Control 

The main idea for the control technique of this 
research is to predict the grid current (ig

k+1) and 
capacitors’ voltages (VC1

k+1, VC2
k+1) for each 

switching state (voltage vector generated by the 
inverter) in the means of discrete equations of the 
system state variables. 
In order to simplify the model, the state variables’ 
paths can be considered as rectilinear for a small 
sampling time.  
So the state variable that given in equations (2),(3) 
and (4) will be approximated for each sampling time 
Ts using the following equation 
 

௞ାଵݔ ൌ ௞ݔ	 ൅ .ሻݐሶሺݔ  (5) ݏܶ
  

Now, the prediction of the state variables at (k+1) 
sample of time in terms of the recent sample (k) are 
expressed as follow: 

஼ܸଵ
௞ାଵ ൌ 	 ஼ܸଵ

௞ ൅ ሺܵ3 െ ܵ2ሻ
ݏܶ
1ܥ

݅௚௞  (6)

஼ܸଶ
௞ାଵ ൌ 	 ஼ܸଶ

௞ ൅ ሺܵ4 െ ܵ3ሻ
ݏܶ
2ܥ

݅௚௞  

and,  

(7) 

 

݅௚௞ାଵ ൌ 	 ݅௚௞ ൅ ሺܵ1 െ ܵ2ሻ ஽ܸ஼
௞

൅ ሺܵ2 െ ܵ3ሻ ஼ܸଵ
௞

൅ ሺܵ3 െ ܵ4ሻ ஼ܸଶ
௞ െ ௚ܸ

௞ 

(8)

2.3.2 State variables normalization 

MPC technique does not matter to the variation 
ranges of the parameters (voltage and current). The 
main objective of this technique is to reduce the 
error between the reference and measurement, so it 
will select the switching state that gives the 
minimum error. 
Before calculating the cost function, a normalized 
factor is proposed by calculating the maximum 
variations of the state variables (ΔVC1max, ΔVC2max 
and Δigmax) as follow:  

∆ ஼ܸଵ݉ܽݔ ൌ 	
2݅݃
1ܥ

(9)     ݏܶ	

∆ ஼ܸଶ݉ܽݔ ൌ 	
2݅݃
2ܥ

(10) ݏܶ	

∆݅௚݉ܽݔ ൌ 	
஺ܸே

݂ܮ
(11) ݏܶ	

2.3.3 Calculation of cost function 

The main objective of the cost function is to 
minimize the difference between the predicted state 

variables ( ஼ܸଵ
௞ାଵ, ஼ܸଶ

௞ାଵ	ܽ݊݀	݅௚௞ାଵ ) and there 
references’ values. Thus, the cost function can be 
expressed as: 
 

݃ ൌ ቤ ஼ܸଵ
∗ െ ஼ܸଵሺ݇ ൅ 1ሻ
∆ ஼ܸଵ݉ܽݔ

ฬ

൅ ฬ ஼ܸଶ
∗ െ ஼ܸଶሺ݇ ൅ 1ሻ
∆ ஼ܸଶ݉ܽݔ

ฬ

൅ߙ ቤ
݅௚∗ െ ݅௚ሺ݇ ൅ 1ሻ

∆݅௚݉ܽݔ
ቤ 

(12) 
 
 

 
Where ஼ܸଵ

∗  is the rated voltage of the first capacitor 
C1 ( ஼ܸଶ

∗ ൌ ܧ2 ), ஼ܸଶ
∗  is the rated voltage for C2 

( ஼ܸଶ
∗ ൌ ∗௚݅ ,(ܧ3  is the reference current, andߙ is the 

weighting factor that can be adjusted to get the 
desired results of the model [26]. Figure 4illustrates 
the proposed control strategy for PUC9 inverter. 
 

 
Fig.4: FCS-MPC strategy for PUC9 inverter 

3 Simulation Results 
 

The simulation model is built using 
MATLAB/SIMULINK environment [27], where the 
PV- grid connected model is displayed on Fig.5, 
while Fig.6 illustrates all the system modules. The 
simulation is conducted for real system parameters 
stated in table 2. 
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Table 2: Initial circuit parameters 

 
3.1 Weighting factor (α) tuning 
Weighting factor plays a vital role in the inverter 
performance and used to achieve the desired 
performance and the stability for this proposed 
model. The tuning of α must be done based on 
minimizing the total harmonic distortion (THD) of 
the grid current waveform and the error on the 
capacitors’ voltages (VC1 and VC2).  
Attention to be paid that THD of 3the grid current, 
VC1 and VC2 voltage errors are considered as 
performance indicators for α value selection. 

 
Fig.5: PV- Grid connected model. 

 
Fig. 7 illustrates the effect of varying weighting 
factor (α) on the performance indicators THD, VC1 
and VC2. Note that as α increases VC1 and VC2 error 
voltage increases, but THD is fluctuating between 
3.07% and 1.31%. The optimum value of α is 
selected based on the minimum value of THD where 
α=0.22, and THD becomes 1.1%, where this value 
is used for all test cases in this paper. 

Parameter  Value 
Grid-side parameters 

Line to neutral voltage, Vrms, V 220 
Frequency f,  Hz 50 
Phase shift θ, dg 0 

Filter parameters 
Resistancerg,Ω 0.01 
InductanceLf,mH 2.5 

Inverter parameters 
Input DC voltageVDC ,V 400 
Desired voltage of C1, VC1,V 200 
Desired voltage of C2, VC2,V 100 
Capacitance of C1,mF 7 
Capacitance of C2, mF 1 
Number of voltage levels, n 9 
Sampling time Ts, µs 25 
Output rated power Po, kW 5 

 
Fig.6: Complete simulation model  
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Fig.7: The effect of varying weighting factor (α) on 

the performance indicators 

3.2 Voltage and current  waveforms  
To get the desired results of the proposed model, the 
output voltage of the inverter Vin must be greater 
than the grid voltage.  
Fig. 8 shows the output voltage of the inverter Vin 
which has a peak value of 400V, while the grid 
voltage has a peak value of 311V. Furthermore, the 
9 voltage levels are sequentially illustrated in this 
figure. 
 

 
Fig.8: Voltage waveforms of the inverter and the 

grid 

The injected current to the grid ig(t) is shown in 
Fig.9 with values very closed to the reference 
current value IGref (t). That means the THD of the 
current waveform is very small. 
 

 
Fig.9: Injected current and reference current 

waveforms. 

Fig. 10 illustrates the capacitors’ voltages, where 
they are controlled as requirement around the 
reference values (VC1= 2E = 200V and VC2 = E = 
100V), and the steady state error of the injected 
current is relatively small (less than 5%) as shown 
on Fig.11. 
 

 

Fig.10: Capacitors' voltage waveforms 

 

 
Fig.11: Injected current error. 

By analyzing the output current waveform using 
FFT techniques, it is clear that the THD is very 
small (THD=1.13%) as shown on Fig.12. 
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Fig.12: THD spectrum of the current, 

3.3 Step change in the output power of the 
inverter 

To study the transient operation of the inverter, a 
step change (at time of 0.525 S) of the injected 
current ig is done, where the current rises from 
11.36 A to 22.72A, as shown on Fig.13, where it is 
clear that the response of the injected current is very 
fast, the capacitors’ voltages error increased slightly 
but still relatively less than 5%, and the output 
power of the inverter increased from 2500 W to 
5000 W within one cycle (0.02 S). While there is no 
change in the output voltage waveform as shown on 
Fig.14. 
 

 
Fig.13: Injected current, VC1, VC2, and output power 
waveforms during step change in the current. 

 

Fig.14: Voltage waveforms of inverter and grid 

3.4 Robustness Analysis 
In order to prove the robustness of the proposed 
model, the model is simulated under the effect of 
capacitors (C1, C2) and inductor filter (Lf) 
mismatches with grid voltage sag and swell step 
change. This effect is observed by changing the 
values of these elements from 50% to 150% of their 
rated values, and by changing the grid voltage from 
90% to 110% of the rated value. 
 
3.4.1 The effect of capacitors and inductor 

mismatches 
Fig. 15 shows that if the difference in the 
capacitance of C1varies between -50% and 50%, the 
THD is fluctuating slightly around 1.1% (but still 
stable) and VC2 remains stable around 0.3VRMS. 
Furthermore, there is no significant difference in the 
capacitance voltage ΔVC1 decreases from 4.9 VRMS 
to 1.8 VRMS with relatively small steady state error 
with values ≤ 5%. 
 

 
Fig.15: Effect of changing the capacitance of C1 on 

the performance indicators. 

 
Fig.16: Effect of changing the capacitance of C2on 

the performance indicators. 

Fig. 16 shows that if the change of the capacitance 
of C2 varies between -50% and 50%, the THD is 
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fluctuating slightly around 1.1% (but still stable) 
and ΔVC1 keeps stable around 2.7VRMS with no 
observed difference. While ΔVC2 is decreasing from 
0.51 VRMS to 0.22 VRMS, the steady state error still 
small with values ≤5%. 

 
 
Fig.17: Effect of changing the inductance Lf on the 
performance indicators. 

Fig. 17 illustrate the effect of changing the 
inductance of Lf between 50% and 150% of its rated 
value, where the THD decreases from 2.4% to 
0.75%, ΔVC1 is fluctuating around 2.7VRMS, while 
ΔVC2 to some extent keeps the same values 
irrespective of inductance change. 
 
3.4.2 The effect of grid voltage sag and swell 

In order to test the model robustness under grid 
voltage fluctuations sag and swell, a step change in 
the grid voltage has been applied (Vg ± 10%). An 
increasing of grid voltage by 10% is applied at 
T=0.7S and decreasing by -10% at T= 0.76S. The 
model stills robust, the injected current THD have 
no change and the capacitors’ voltages are within 
the acceptable range. 
Fig.18 shows how the input voltage changes to 
follow the grid voltage. Note that the model 
generates only seven levels at T= 0.76S due to the 
decreasing of grid voltage. 
It’s clearly shown from Fig.19 that the current 
injected to the grid has no change due to sag and 
swell of the grid voltage. The voltage error of C1 has 
a slight difference but still small and within the 
acceptable range, while there is no observed change 
in the voltage error of C2. The output power reacts 
heavily due to the difference of the input voltage. 
 

 
Fig.18: Voltage waveforms of inverter and grid 
during sag and swell voltage fluctuations. 

 
 
Fig.19: Injected current, VC1, VC2, and output power 
waveforms during sag and swell of grid voltage. 

4 Conclusions 
In this paper PUC9, multilevel inverter topology 
controlled by FCS-MPC technique is theoretically 
analyzed, mathematically modeled and simulated 
using MATLAB/SIMULINK software.  
Simulation results show that the PUC9 can be 
simultaneously controlled by FCS-MPC technique. 
The weighting factor (α) is tuned successfully based 
on decreasing THD of the injected current while 
balancing the capacitors’ voltages at their rated 
values. 
The proposed controller behaves a stable and 
efficient reference current tracking and has the 
capability of maintaining the capacitors’ voltages at 
their desired values during steady state and transient 
response.  
The robustness analysis shows that the step change 
in the injected current, parameters’ mismatching and 
grid voltage sag and swell does not have a 
significant effect on the model performances.   
This study is carried out based on simulation, so this 
model can be experimentally implemented in order 
to validate the simulation results. 
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