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Abstract—This paper presents a predictive control 
strategy to control a photovoltaic plant based on bifacial 
photovoltaic (BPV) panels connected to the electrical grid 
through a three-phase neutral point clamped (NPC) power 
converter. Electricity generation plants based on non-
conventional renewable energies are affected by the 
availability of the natural resource and grid changes. To 
achieve optimal use of natural resources and equipment, 
BPV cells must operate at the maximum power point and 
the currents injected into a grid must be in phase with the 
voltages. Due to the high number of states, one important 
drawback of conventional predictive control in the NPC 
converter is its computational burden. The proposed 
controller avoids the use of a cost function and can achieve 
the same control objectives with only 20% of the 
computational cost of the conventional strategy. To 
achieve this reduction the proposed strategy exploits the 
operating area of the converter, separating the possible 
voltages in hexagons, which results in a shape like a 
honeycomb. Simulation and experimental results show the 
feasibility of the proposed method in different operating 
conditions. 

 
Index Terms—Solar power generation, AC-DC power 

converters, multilevel converters, predictive control. 

 

I. INTRODUCTION 

N recent years, the current price of the photovoltaic (PV) 

cells has dropped considerably [1], and their efficiency has 

increased; these last two factors favor the use of this technology 

on a large scale [2] since the cost of generating electricity has 

become competitive compared to traditional generation systems 

[3]. On the other hand, the advance of PV technology has led to 

the development of bifacial photovoltaic cells (BPV), which 

have the capacity to capture solar energy on both sides of the 

cell plate [4] and therefore are capable of harvest more solar 

energy to inject into the electric mains. 

Multilevel power converters are capable of generating better 

quality AC voltages and currents than converters with fewer 

levels, and make them suitable for high-voltage and high-power 

applications [5], but are more complex to control due to the 

greater number of switches they have. Among them, neutral 

point clamped (NPC) converters [6], [7], as shown in Fig. 1 (a), 

 
 

are widely employed in PV generation systems [8]. 

The finite-set model predictive controller (FS-MPC) [9], also 

named finite control set model predictive control (FCS-MPC), 

is emerging as an attractive option for the control of NPC power 

converters [10], because it does not have the complexity of 

multilevel modulation techniques [11]. Furthermore, it offers a 

fast dynamic response, simple inclusion of nonlinearities and 

constraints, and multivariable control capabilities [9]. 

However, a big drawback of its application in NPC power 

converters is its computational burden, given that NPC three-

level converters have 27 voltage vectors [12]. Then, it is 

imperative to reduce the computation requirements. This 

problem increases as the level increases because the NPC has 

more states, for example the 5 level NPC has 125 states (61 

voltages) and the 7 level NPC has 347 states (127 voltages) and 

therefore the evaluation of each state will make it impossible to 

apply the FS-MPC because the digital board will not be able to 

process each prediction within the sampling time. 

In [13] a new concept No-Iteration-MPC (NI-MPC) is 

proposed to simplify the implementation of a FS-MPC for an 

AFE converter (8 states), which does not require a cost 

function, present a 43% reduction in the computational cost, 

and has the same behavior in the output electrical variables with 

respect to the FS-MPC conventional method. However, this 

work does not present the formulation of this concept for other 

more complex converter topologies, especially those with a 

significant number of states, where the computational effort 

when using a cost function is much higher. 

To address these shortcomings, this work formulates, tests, 

and evaluates the feasibility of the NI-MPC concept for an NPC 

type converter (27 states), including the additional complexity 

that this topology introduces in the control of capacitor voltage 

unbalance. The proposed strategy can operate the BPV cells at 

their maximum power point (MPP). This is achieved adjusting 

the DC voltage level to the maximum power point voltage vmpp, 

as estimated by a maximum power point tracking (MPPT) 

algorithm [14]–[17]. In addition, the strategy is able to balance 

the voltage on the DC link capacitors [7], [12], [18], which is a 

key issue on the voltage and current distortions [12] as a result 

of voltages deviation from equality [19]. Consequently, it 

allows the NPC converter to achieve lower distortion 

waveforms in the AC network, injecting the energy generated 
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by the BPV cells with the required frequency level and power 

factor. 

One of the main contributions of this work is the proposal of 

a new technique that significantly reduces the computational 

cost to control an NPC converter using BFV cells, allowing to 

implement the entire control algorithm in common commercial 

devices. Pointing out toward this goal, a state selection 

mechanism based on the partitioning of the valid voltage vector 

space of the NPC converter, Fig. 1 (a), in a network of hexagons 

as shown in Fig. 1 (b) is proposed. Thus, a honeycomb-like 

figure is formed, similar to bee panels. Thanks to this geometric 

shape a fast, efficient, and low computational cost predictive 

controller is achieved. 

The rest of the article is structured as follows. Section II 

establishes the mathematical model and general control aspects 

of the generation system. Section III discusses the proposed 

predictive control strategy, including a brief summary of the 

conventional one. Section IV verifies the feasibility of the 

proposal using simulation and experimental tests in a prototype 

power converter system, subjecting the system to different 

operating conditions. 

II. PV SYSTEM MODEL AND CONTROL 

A. Continuous-time Representation of the Power 
Converter 

The NPC power converter injects a five-level line-to-line 

voltage to the grid side, reducing the THD on the electric 

variables. From Fig. 1 the converter ac side can be modeled as: 

 abc abc abc abc

s

d
L R

dt
= + +v i i v , (1) 

where the injected voltage is given by: 

 ( )abc abc abc

p n znv v v= + − +
1 2

v s s 1 1 ,  (2) 

with 1 = [1 1 1]T. The dc side model is obtained by the current 

summation in the upper and bottom point: 

 
p n

pv p p n n

dv dv
i i C i C

dt dt
= + = + ,  (3) 

where ip and in are calculated as: 

 , , , ,abc abc abc abc abc

p ni i= = −
1 2

i s i s i 1 ,  (4) 

where ,   represents the dot product. The equations can be 

rewritten in the αβ0 frame using the corresponding 

transformation [20]. 

B. BPV array model 

The photovoltaic array is modeled based on the single cell 

shown in Fig. 2. To get higher power, the cell array is composed 

by Np strings in parallel, where each string has Ns cells in series. 

The current produced by the BPV array is: 

 

/

/
1

T
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nkT d s

pv sco p o p

o sh p

v NS
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S R N

 
 
 
 

 
 = − − −
 
 

,  (5) 

where ISCO, SO, IO, n, k, q, Rs, Rsh are the cells parameters, vd is 

the diode voltage, ipv is the PV array supply current, S represents 

the solar irradiation, and T the cell temperature. Assuming that 

the irradiation and temperature conditions are equal for all cells, 

the power delivered by the array is: 

 ( ), ,pv pv dc dcp i v f T S v= = .  (6) 

where vdc = vp + vn. 

C. MPPT Algorithm 

To operate at MPP the voltage vdc at the terminals of the solar 

array is adjusted. This is achieved by a power controller that 

changes the amount of power injected to the grid. If the voltage 

needs to be decreased, the amount of power injected to the grid 

is increased and vice versa. Thus, the vdc must track the MPP 

voltage (vMPP), which needs to be imposed by a MPPT 

algorithm [14], [15]. To this end, this paper uses a direct method 

 
Fig. 2. Bifacial photovoltaic cell representation. 
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Fig. 1. Power converter system. (a) converter topology and controller block diagram, (b) valid converter switching states. 
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that relies on measuring cells to obtain the MPP voltage. The 

temperature and the solar irradiance are estimated and then used 

together with the cell’s model to calculate the MPP voltage. The 

procedure is detailed in [16], [17]. 

This work uses a direct method based on the measurement 

cells to reach the MPP. Basically, it is necessary to measure the 

open circuit voltage (voc) and a short circuit current (isc) from 

two measuring cells, and based on the cell’s mathematical 

model, the current iph and the junction temperature are estimated 

to calculate the maximum power voltage. The procedure is 

detailed in [16], [17], but it is worthy to mention that the 

estimations are made by two observers regulated by a PI 

controllers that allows to twin the cell’s behavior into a 

computing model. 

D. DC Voltage and Power Factor Control 

The renewable energy injection demands an active power 

control at the grid side. In addition, the system can inject a 

phase-shifted current which may be used to compensate 

reactive power or even for voltage amplitude regulation. The 

power converter control obeys the power balance among all the 

units in the system of Fig. 1. The power provided by the solar 

array ppv provides the power to supply the capacitor state of 

charge pCdc, the RL losses in the topology pL, and the final power 

injected to the grid ps, in other words: 

 pv Cdc L sp p p p= + + .  (7) 

The power due to the capacitor state of charge is managed by 

the dc voltage control. This can be achieved by a linear 

proportional-integral, hc
vdc(z), controller, which allows zero 

steady state error and is given by: 

 

( ) ( ) ( )

( )

1 1
2

1 1
2

vdc vdcs

Cdc Cdc c vdc

i

vdc vdcs

c vdc

i

T
p k p k k e k

T

T
k e k

T

 
= − + + + 

 

 
− + − 

 

.  (8) 

where 
vdc

ck  and 
vdc

iT  are the PI controller parameters, Ts is the 

sampling time and evdc(k) = ( ) ( )2 2ref

dc dcv k v k− . Thus, the 

reference active power to be injected is given by: 

 ( ) ( ) ( ) ( )ref

s pv Cdc Lp k p k p k p k= − − .  (9) 

where ppv is the solar power, pL is the RL filter power. 

On the other hand, the reactive power depends on the phase-

shift between the current and voltage at the grid side. The 

relationship of the phase-shift with the reactive power reference 

can be defined as: 

 ( ) ( ) ( )( )tanref ref ref

s sq k p k k=  .  (10) 

where θref represents the shift angle between the voltage vs
abc 

and the current iabc. 

III. PROPOSED PREDICTIVE CONTROL STRATEGY 

The power references given by the power injection control 

also define the grid currents, because the grid voltage is 

considered as a disturbance. Therefore, the power control can 

be achieved by imposing a current from the grid lines using an 

inner control loop. The most employed options are linear, 

nonlinear, resonant, and predictive control. Predictive control is 

an attractive alternative among them, due to its simple concept 

and high dynamic performance. In particular, finite set model 

predictive control (FS-MPC), which employs the discrete 

number of switching states to choose the best one in order to 

follow the reference [21], is the most favored option [22]. 

However, one of its biggest drawbacks is its computational 

requirements as a prediction must be computed for every single 

valid state, which is an issue particularly on multilevel 

topologies such as NPC converters. To address the problem, a 

new algorithm will be proposed that reduces the computational 

burden by avoiding the iterative procedure of FS-MPC. 

A. Finite Set Model Predictive Control 

FS-MPC uses the power converter model to predict the 

current in the near future by trying all possible states. To 

accomplish the prediction the model needs to be discretized, 

where a forward Euler approximation is commonly used [21], 

[23]. The model gives the relationship between the present and 

futures variables as 

 

( ) ( )( ) ( )

( )
( ) ( ) ( )

( )( ) ( ) ( )

1 1 /

/

s
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p
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k k v k
T L

k v k v k

 



+ = −

 − −
 
 − −
 

s 1

2

i i +

v s

s 1 1

,  (11) 

where an additional prediction at time k + 2 is used to mitigate 

the effects of the digital board processing time [24], requiring 

the left side variables at k + 1. The grid voltage at instant k + 1, 

vs
αβ(k + 1), which can be obtained as: 

 ( ) ( )2ˆ 1 sfT

s sv k e v k
 + = .  (12) 

Furthermore, voltages vp, vn and vNn can be directly derived 

discretizing (3) and (2), respectively. 

Then, the power prediction can be computed from the 

currents as: 

 ( ) ( ) ( ) ( ) ( )ˆ ˆˆ ˆ ˆ2 2 2 2 2s sp k v k i k v k i k   + = + + + + + ,  (13) 

 ( ) ( ) ( ) ( ) ( )ˆ ˆˆ ˆ ˆ2 2 2 2 2s sq k v k i k v k i k   + = + + − + + ,  (14) 

where the current is obtained as an additional prediction using 

(11), and the voltage as the extrapolation in (12). 

Lastly, a cost function is defined to minimize the tracking 

power error by choosing among all possible voltages vαβ, as: 

 ( ) ( )1
ˆ ˆ2 2ref refg p p k q q k= − + + − + .  (15) 

An important issue of the NPC topology of Fig. 1 is that the 

capacitor voltages can diverge or be different, and therefore a 
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Fig. 3. Proposed algorithm overview. 
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balancing method is required. The controller should choose 

among the redundant states to minimize the voltage difference 

between vp and vn, which follows from the discretization of (3) 

as: 

 ( ) ( ) ( ) ( )( )ˆ ˆˆ ˆ2 1 1 1s

dc dc n p

p

T
v k v k i k i k

C
 + =  + + + − + . (16) 

Then, the associated second cost function is: 

 ( )2
ˆ 2dcg v k=  + .  (17) 

To reduce the required calculations in the NPC converter, 

algorithm is divided in two steps, first selecting among the 18 

active voltages, then considering the redundant states. This 

way, instead of 27 evaluations, only 19 plus two or three 

evaluations are performed if the zero voltage is required. 

Details of this traditional FS-MPC can be found in the 

following references [25]–[28]. 

B. Proposed Honeycomb based algorithm 

To mitigate the high computation requirements of FS-MPC, 

a new algorithm Bee-MPC is proposed that has the same 

capabilities but avoids the costly iterations reducing the 

computational effort. The algorithm uses the optimal voltage 

given by a prediction according to the currents desired at time 

k + 2 and chooses the nearest valid state, and also allows to 

regulate the dc voltage unbalance. A summary of the proposed 

control is depicted in Fig. 3, detailing the steps the algorithms 

perform. 

The Bee-MPC formulation starts from (1) with the aim to 

determine the voltage required to track the current reference as: 

 ( ) ( ) ( )( ) ( ) ( )1abc abc abc abc abc

s

s

L
k k k R k k

T
= + − + +v i i i v , (18) 

and considering the computational delay: 
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L
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  
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+ + +

v i i

i v

, (19) 

where iαβ(k + 1) is obtained as (11), vs
αβ(k + 1) as (12), and 

iαβ(k + 2) is set as the reference. The current reference can be 

derived from the active and reactive power reference as: 

 ( )
( )
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( ) ( ) 

*

,
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, (20) 

where 
2

  represents the 2-norm and the apparent power is 

defined as: 
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Fig. 4. NPC voltages, (a) honeycomb array, (b) one sector highlight, (c) algorithm. 
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 ( ) ( ) ( )ref ref ref

pqs k p k jq k= + , (21) 

and s pq
ref * is conjugate of the apparent power. 

Once the voltage to be applied in the next step vαβ(k + 1) is 

computed, the nearest state is applied. Thus, the αβ states plane 

is divided by the possible voltages. The separation around every 

valid voltage emerges as the bee honeycomb hexagon as shown 

in Fig. 4 (a).  

First step is to position in which sector of Fig. 4 (a) the 

voltage vαβ is placed and its respective angle θ, where: 

   ( )arg sgn arccos
v

v


 



 
  = =
 
 

v
v

, (22) 

employing the four-quadrant argument function arg{}. The 

sectors are divided into 6 parts and separated as: 

 

Sector 0, if / 6 / 6

Sector 1, if / 6 / 2

Sector 2, if / 2 5 / 6
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
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
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
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

=     

. (23) 

Once the sector is selected, then a valid voltage needs to be 

chosen. 

Note that all sectors have the same structure, where 6 new 

lines have been declared: Rint, Rext, Rsup1, Rsup2, Rinf1, Rinf2, these 

will separate the different valid voltages, as seen in Fig. 4 (b) in 

order to determine the set of valid voltages Vsup, Vinf, Vθ, Vm1, 

Vm2 to be applied. To decide which voltage to apply, the 

algorithm of Fig. 4 (c) is employed which may be extended for 

any sector, where the valid voltage is selected directly without 

the need of iterations. In fact, the lines can be defined for every 

sector as specified in Table I. 

The 19 lines that divide the valid voltages honeycomb of Fig. 

4 (a) are named as Ri with i = {0,1,2, ,19} where i = 

 0, , , 2  are the positive slope lines, i =   ,2, ,    are the 

negative slope lines, and i =   4,  , , 9  are the vertical lines. 

Each line is defined by the first-order function: 

 :i i

iR v m v b = + , (24) 

where the lines are separated as follow: 

 2 1 1 3
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3 2 3

l l
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 14 15 161 1 1
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4 4 2
R v R v R v  = − = = − , (27) 

 17 18 191 3 3
: , : , :

2 4 4
R v R v R v  = = − = . (28) 

Equation (24) can be transformed into polar coordinates as: 
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Fig. 5. Flowchart of the proposed Honeycomb based FS-MPC control 
algorithm for the NPC converter. 

TABLE I 
BOUNDARY LINES DEFINITIONS PER SECTOR 

Sector Rint Rext Rinf1 Rinf2 Rsup1 Rsup2 

0 R14 R16 R9 R11 R4 R2 

1 R9 R13 R8 R10 R15 R17 

2 R8 R12 R14 R16 R9 R11 

3 R14 R18 R5 R3 R8 R10 

4 R1 R5 R4 R2 R14 R16 

5 R4 R0 R15 R17 R7 R5 

 



IEEE TRANSACTIONS ON POWER ELECTRONICS 

 

 
( )

2 1

1 3
, {0,1,...,6}

4 sin / 6
l

l
r l+

−
= =

 + 
, (30) 

 
( )

2

1 3
, {0,1,...,6}

4 sin / 6
l

l
r l

−
= =

 − 
. (31) 

Then, the voltage selection can be implemented by successive 

if conditionals, with lower computational requirements. 

To balance the capacitor voltages the short and zero voltages 

are employed, i.e., from V0 up to V6, Fig. 4 (a). Then, (3) is 

employed in order to predict the voltage behavior: 

 ( )ˆ( 1) ( 1) ( ) ( ) ( )s

m m m dc m

m

T
v k v k v k i k i k

C
+  + = + − , (32) 

where m = { p, n }. The voltage difference between vp and vn, 

assuming that Cp = Cn = C, becomes 

 ( )ˆ ( 1) ( ) ( ) ( ) ( )s

dc p n n p

T
v k v k v k i k i k

C
 + = − + − . (33) 

As the calculated states are to be applied in the time k + 1, the 

voltage difference in (33) needs to be one step forwarded 

 ( )ˆ ˆ( 2) ( 1) ( 1) ( 1)s
dc dc n p

T
v k v k i k i k

C
 + =  + + + − + . (34) 

On the other hand, the prediction of the currents in and ip are 

obtained from (4) as: 

 ( ) ( ) ( )ˆˆ 1 1 , 1abc abc

pi k k k+ = + +
1

i s , (35) 

 ( ) ( ) ( ) ( )ˆ ˆˆ 1 1 , 1 1 ,abc abc abc

ni k k k k+ = + + − +
2

i s i 1 , (36) 

where the current ( )ˆ 1abc k +i  can be calculated from (11): 

 ( ) ( ) ( )0 0
ˆ ˆ ˆ1 1 1abc T

abc abck k k 

 − −+ = + = +i T i T i . (37) 

The complete algorithm is summarized in Fig. 5. 

C. Comparison between the two controllers 

Despite the need of the proposed algorithm to divide the valid 

states into sub-areas requiring additional calculations, it is 

computationally simpler and lighter than the conventional FS-

MPC. To demonstrate this fact, a comparison is made to 

illustrate the advantages of the proposal. The total amount of 

operations in the current or power inner control loop for the FS-

MPC and Bee-MPC is presented in Table II, which employs a 

TMS320F28335 DSP based board to compute the total time as 

a case study [29], although the procedure can be extended to 

any other digital board. From Table II, it can be verified that the 

improvement ratio is about five times for the three-level NPC 

topology, obtaining equal results. 

The proposal operates under the same principle as the 

conventional one, that is, it finds the state that takes the shortest 

path to the current or power reference, minimizing at the same 

time the dc voltage difference Δvdc. Neither of them employs 

any modulation technique such as PWM, and instead the state 

is directly computed by the controller. As such, the digital board 

does not require this module and only digital outputs are 

needed. On the other hand, it has similar disadvantages, as the 

well-known spread harmonic content typical of the technique. 

Nevertheless, the quick dynamic response is retained. 

The total operations for each algorithm are summarized in 

TABLE III, detailing the type of operation. As it can be seen, the 

proposed Bee-MPC uses an average of 11% of the total 

operations compared to the traditional FS-MPC. Thus, 

regardless of the digital board used, the computation time is 

reduced thanks to the improvement in the number of operations. 

For example, if a slower TMS320F2812, [30], is used, the total 

time to calculate the FS-MPC will be 107.41 µs and the Bee-

MPC 19.05 µs, making it impossible to compute the FS-MPC 

at N = 360 samples per period. In addition, if the Arduino 

Mega2560 is used, the computing time can go from 14,706 µs 

to 2,062 µs, which would reduce the samples per period to use 

the above presented algorithms. 

In these algorithms the switching frequency is tied to the 

sampling frequency, the reduction in computation time allows 

TABLE II 
NUMBER OF OPERATIONS FOR EVERY ALGORITHM 

Algorithm Operation 
Number of 

operations 

Time to 

evaluate 

FS-MPC 

Algorithm 

Main loop (19 cycles) 

Sums 10 26.7 ns×10×19 

Subtractions 11 33.4 ns×11×19 

Multiplications 20 60.0 ns×20×19 

Magnitude 2 280.0 ns×2×19 

For, if, and other 

instructions 
10 26.7 ns×10×19 

dc voltage balancing loop (2 cycles) 

Sums 10 26.7 ns×10×2 

Subtractions 11 33.4 ns×11×2 

Multiplications 20 60.0 ns×20×2 

for, if, and other 

simpler instructions 
8 26.7 ns×8×2 

Total Time  49.34 μs 

Bee-MPC 
Algorithm 

Bee-MPC, direct calculation 

Sums 15 26.7 ns×7×1 

Subtractions 18 33.4 ns×10×1 

Multiplications 41 60.0 ns×17×1 

Divisions 3 220 ns×3×1 

for, if, and other 

simpler instructions 
22 26.7 ns×12×1 

arccos ∙  1 410 ns×1×1 

sin ∙  2 410 ns×2×1 

Magnitude 1 280 ns×1×1 

dc voltage balancing loop (2 cycles) 

Sums 4 26.7 ns×4×2 

Subtractions 4 33.4 ns×4×2 

Multiplications 12 60.0 ns×12×2 

for, if, and other 

simpler instructions 
5 280 ns×5×2 

Total Time  8.75 μs 

 

TABLE III 
NUMBER OF OPERATIONS FOR EVERY ALGORITHM 

Operation FS-MPC Bee-MPC Percentage 

Sums 210 23 11% 

Subtractions 231 26 11% 

Multiplications 420 65 15% 

Magnitude 38 1 3% 

For, if, and other instructions 206 32 16% 

arccos ∙  0 1 - 

sin ∙  0 2 - 

  Average 11% 
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the power converter to operate with high switching frequency 

Silicon Carbide (SiC) technology, increasing the system 

efficiency, operation at higher temperature, higher breakdown 

voltage, and many other advantages brought by these new SiC 

switches. 

Nevertheless, it is important to emphasize that the DSP used 

in this manuscript is an inexpensive one, costing about 

USD$30. In this comparison, for a grid source operating at 50 

Hz, we used N = 360 samples per period, corresponding to Ts = 

  .   μs for both algorithms. For the 3-level NPC, as shown in 

Table II, the computation time for the FS-MPC algorithm is 

49. 4 μs, leaving a short time to execute more instructions such 

as protection, data acquisition and processing, among others. 

On the other hand, the proposed Bee-MPC algorithm requires 

only 8.   μs, which requires about 20% of the sampling time 

Ts, which allows increasing the sampling frequency, improving 

the current and voltage THD, or incorporating new instructions 

when needed. 

D. A conceptual extension to N-level NPC 

The application of this technique can be generalized to N-

level NPC. To illustrate this in Fig. 6 a 5-level NPC states 

diagram is shown, highlighting the number of the valid states 

depending upon the levels and the voltages possibilities. The 

proposed technique selects the hexagon that includes the 

voltage vector required to be applied at time k + 1, i.e., vαβ(k + 

1) independent of the inverter levels. The generalized algorithm 

can be described in the following steps: 

i. dc-link voltage control: The dc-link voltage is adjusted to 

operate at MPP, as discussed in Section II.C. 

ii. Power management: The active and reactive power 

injected by the converter is managed to control the power 

factor, as described in section II.D. 

iii. MPC to obtain the future voltage value vαβ(k + 1): using 

the power converter model, the predictive control strategy 

allows to obtain the voltage vαβ at k + 1 by using equation 

(19), section II.B. 

iv. Selection of the voltage vαβ(k + 1) sector: The hexagon that 

contains the voltage vαβ(k + 1) is found by first selecting 

the sector (divided into 6 angular regions) by using the 

equations (22) and (23). 

v. Selection of the voltage vαβ(k + 1) hexagon: Once the 

sector has been defined, the hexagon is found by defining 

the shapes of the hexagon with lines Ri (slope and vertical 

lines) in the same way as described in the previous section, 

equation  

(24). 

vi. Balancing the dc-link capacitor voltages: After finding the 

hexagon that encloses the desired voltage vector to be 

applied, the redundant state selection is performed in the 

direction of balancing the dc-link capacitors. This voltage 

balancing problem is solved by the same optimization 

techniques of FS-MPC, evaluating all the redundant 

states. 

In general, the Bee-MPC algorithm detects in at most N steps 

the hexagon surrounding voltage vector, which in the case of 

FS-MPC method with a N-level NPC must evaluate  

1+3N(N – 1) voltages. Then, for both methods, a subroutine in 

charge of balancing the dc voltage selects the states among the 

redundances, where in an N-level NPC converter the redundant 

states go from N redundant states in the null voltage to the outer 

states with only one state (see the concentric circles in Fig. 6). 

As an example, for N = 7 the FS-MPC would evaluate the 

model 127 times, meanwhile the Bee-MPC only will evaluate 7 

lines to reach the desired hexagon after defines vαβ(k + 1). In 

this way, this technique allows a significant reduction in 

computational effort by directly obtaining the voltage vector to 

be applied at k + 1, independent of the NPC levels, avoiding 

evaluating all possible voltages as it is done by the FS-MPC. 

This reduction in computation burden will become much more 

noticeable as the number of levels of the NPC converter 

increases, bringing with it the following improvements: better 

processor utilization, possibility to use higher sampling 

frequency allowing to reduce the filter size (because the 

sampling time can be shorter due to the reduction in 

 
Fig. 7. Step change dynamic response of the controller to a current 
reference amplitude increase. (a) injected currents iabc and references, 
(b) line-to-line voltage vab, (c) capacitor voltages vp and vn. 

N = 5 states

N – 1 = 4 states

N – 2 = 3 states

N – 3 = 2 states

N – 4 = 1 states

 
Fig. 6. Valid voltages of an NPC of 5 levels. 
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computation time), possibility to incorporate new algorithms, 

such as algorithms for protection of converter power elements. 

IV. CONTROLLER TESTS 

A. Simulation test 

Initially, a simulation test is considered to test the behavior 

of the proposed controller. A simulation of the system depicted 

in Fig. 1 is performed using the software PSIM, where the 

algorithm is implemented as a C language block. The 

parameters used are R = 0.  mΩ, L = 1 mH, Vs = 220 Vrms, C 

= 4.7 mF, and N = 360 samples per period, leading to Ts = 

55.5µs for 50 Hz as the grid nominal value. Note that the 

switching frequency can be as high as the sampling frequency 

if the states are different in each sampling time, but if the state 

is repeated one or more times, the switching frequency becomes 

lower, thus, the switching frequency can go up to 18 kHz. 

1) Current control behavior 
Step changes in the current reference amplitude are 

performed, replacing the PV array of Fig. 1 by a constant 800 

(V) voltage source. The results are presented in Fig. 7 for an 

increase in the desired amplitude. From Fig. 7 (a) it can be 

verified that the references are quickly tracked in approximately 

3 ms, as is usually the case with predictive controllers. In 

addition, the currents are in phase with the grid voltage, 

operating with unity power factor, as is imposed by the 

controller. The vab line-to-line voltage, Fig. 7 (b), has a five-

level characteristic as desired in the NPC topology. Besides, the 

capacitors’ voltages are correctly balanced with the proposed 

strategy, as is illustrated in Fig. 7 (c). 

The simulation results obtained under conditions of network 

disturbances are presented in Fig. 8. To study these types of 

disturbances, a voltage sag was induced at t = 10ms (the grid 

voltage falls to 30% of the nominal voltage), followed by a 

voltage swell at t = 30ms (the grid voltage rises to 115% of the 

nominal voltage), and finally, the voltage is restored to the 

nominal voltage. Throughout the entire duration of the test, the 

dc voltage and current reference remains constant Fig. 8 (a) and 

(d). The results demonstrate that the control algorithm 

successfully maintains both the reference current and the level 

of capacitor unbalance during nominal voltage (❶), then in the 

voltage sag (❷) and finally in the voltage swell (❸). Therefore, 

it can be concluded that the proposed control algorithm exhibits 

robustness against grid voltage changes. 

To compare the proposed Bee-MPC and the traditional FS-

MPC in the time response, Fig. 9 shows the results considering 

the same inputs with both algorithms. The FS-MPC results are 

highlighted with the subscript ‘ ’ and the Bee-MPC highlighted 

with the subscript ‘2’. It is evident that dynamic and static 

response results are very similar, in fact, can be stated: almost 

identical, the Bee-MPC THD is 1.68%, while the FS-MPC is 

1.75%. Therefore, the proposal does not show significant 

differences in terms of results, but only in terms of computation 

time. This is because both algorithms select only one state to be 

applied in each sampling time, and, therefore, the switching 

frequency depends on the sampling frequency. Additionally, 

both algorithms are very fast because they always look for the 

best state to reach the reference, but the states can be selected 

two or more times in a row and therefore they do not ensure a 

concentrate switching spectrum. 

B. Experimental Results 

To assess the feasibility and correct operation of the proposal 

tests are made in an experimental setup. The system is 

composed by an NPC power converter that interfaces a PV 

array to the grid as shown in Fig. 1 (a). The NPC power 

converter is implemented by a Microsemi APTGF30TL601G 

power module, the PV array is implemented by a Magna-Power 

MagnaDC SL 600-4.3 dc power supply/solar emulator, and the 

ac mains is provided by a California Instruments 4500iL power 

source. The control algorithm is implemented in a 

TMS320F28335 DSP board. The system parameters are L = 12 

mH, R =    Ω, C = 2.2 mF, Vs = 15 V, and N = 360 samples per 

period, leading to Ts = 55.5µs for 50 Hz as the grid nominal 

value; similarly, to the simulation result, the switching 

frequency can go up to 18 kHz. 

-500

0

500
ia(t) ib(t) ic(t)

0

0

500 va(t) vb(t) vc(t)

-400

0

400

-400

0

400
ia(t) va(t)

0 10 20 30 40 50

Time(ms)

300

400

500

V
o
lt

a
g
e
 (

V
)

vp(t) vn(t)

  
  

V
o
lt

a
g
e
 (

V
)

V
o
lt

a
g
e
 (

V
)

C
u
rr

en
t (

A
)

C
ur

re
n

t (
A

)

(a)

(b)

(c)

(d)

 
Fig. 8. Grid voltage Sag/swell Bee-MPC response, (a) current iabc, (b) 
grid voltage, (c) voltage and current vs

a and ia, (d) dc voltage. 
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represents the FS-MPC response and the subscript 2 represents the Bee-
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IEEE TRANSACTIONS ON POWER ELECTRONICS 

 

1) Capacitor balancing 
First, the capacitor balancing operation will be verified using 

the solar emulator only as a fixed dc power supply. The control 

algorithm initially operates using only the internal model values 

of capacitor voltages vp and vn, generating the firing signals 

without considering the true values of the system. Afterwards, 

at t = 25 (ms), the true system variables are measured, and the 

predictive controller uses the variables in closed loop. The 

results are presented in Fig. 10. Initially, the voltages are fairly 

unbalanced, with approximately vn = 50 (V) and vp = 30 (V), 

and their sum is equal to 80 (V). After the controller uses the 

true system values, from t = 25 (ms), the voltages converge 

towards approximately the same values, 40 (V), with their sum 

equals 80 (V) as expected. 

2) Reference currents change 
After verifying the steady-state operation of the controller, 

step changes in the reference currents are considered to evaluate 

its dynamic performance. The total dc voltage is set at 120 (V) 

for these tests, considering N = 360 samples per period, 

equivalent to a sampling frequency of 18 (kHz). Fig. 11 (a) 

shows the behavior of the controller when the injected current 

reference is increased from 1.5 (A) to 2.5 (A). From the results 

it can be seen that the tracking response of the controller is very 

fast, where the reference is tracked approximately in 1.5 (ms), 

which is usually the case when using predictive control. 

3) Frequency change 
Another test to consider is the operation when the grid 

frequency changes, which is of particular interest in weak 

power systems. To assess the controller’s behavior under these 

conditions an increase and decrease in the grid frequency are 

considered. The dc side voltage is set at 100 V for these tests. 

The results are presented in Fig. 11 (b). Fig. 11 (b) shows the 

behavior when the grid frequency is increased from 45 to 55 Hz 

at instant t1. From the results it is observed that meanwhile the 

frequency is changing and the PLL is adapting to the new 

frequency, the current would have a transitory error, but once 

the PLL is locked in the new frequency, the current follows its 

reference rapidly, given that the phase shift between the grid 

voltage and current is essentially zero. 

4) Closed loop operation with PV array and MPPT 
Finally, after verifying the correct operation of the scheme 

with the dc power supply it is possible to test the proposed 

controller including a PV array. The test considers the injection 

of power to the grid from a PV array emulated by the solar 

emulator using the power-voltage characteristics ppv
i, i = 

  , ,6 , shown in Fig. 12 (a). A sequence of changes is 

programmed in the power supply to be changed every ten 

seconds and denoted by the numbers 1 – 6. The operating 

conditions of the PV array are shown in the power, voltage, and 

current curves shown in Fig. 12. The results show that the 

emulated PV array operates under maximum generating 

conditions at every operating point, denoted by the cross in Fig. 

12 (a), as the true output power trajectory (blue) passes over the 

characteristics. This demonstrates the correct operation of the 

MPPT, as it generates the voltage reference required to operate 

at maximum power point, and the entire control system, as the 

complete system should be controlled to achieve these 

operating points. 

V. CONCLUSIONS 

This paper has proposed a new predictive control technique 

that reproduces the traditional FS-MPC in a three level NPC but 

reducing the computation time by 80%, as revealed in Table II. 

The proposal is based on avoiding the iterations of FS-MPC, 

which tests every valid voltage to choose the one that minimizes 

a cost function. Instead, the Bee-MPC searches the hexagon 

where the voltage vabc is enclosed, directly choosing the state. 

The proposed technique uses the polar representation of the 

lines that define every hexagon and with successive searching, 

 
Fig. 10. Capacitor balancing transition from open to closed loop. 

 
Fig. 11. Controller response to a current reference step change and to a grid frequency disturbance. (a) Current reference increment from 1.5 (A) to 
2.5 (A) at time t1, (b)  (a) supply currents ia, ib, phase a grid voltage vs

a, and line-to-line output voltage vab when the frequency is increased from 45 
to 55 Hz. 
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the valid NPC voltage is selected. Additionally, it uses the 

redundant states to regulate the dc voltages imbalance. The 

current THD and the response rapidness are similar to 

traditional FS-MPC and, therefore, the current performance is 

not sacrificed to save computing time. The proposal is 

employed in a grid connected BPV power injection systems. 

Nonetheless, the applications are related to the three-level NPC 

capabilities, and therefore can be applied in motor drives, wind 

power systems, back-to-back topologies, active filters, among 

many others that use power converters. 
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