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  Abstract— Model predictive control (MPC) has been recently 

suggested as an interesting alternative for the regulation of 

multiphase electric drives because it easily exploits the inherent 

advantages of multiphase machines. However, standard MPC 

applies a single switching state during the whole sampling period, 

inevitably leading to an undesired 𝒙-𝒚 voltage production. 

Consequently, its performance can be highly degraded when the 

stator leakage inductance is low. This shortcoming has been 

however mitigated in recent works with the implementation of 

virtual/synthetic voltage vectors (VVs) in MPC strategies. Their 

implementation reduces the phase current harmonic distortion 

since the average 𝒙-𝒚 voltage production becomes null. 

Nevertheless, VVs have a static nature because they are generally 

estimated offline, and this implies that the flux/torque regulation 

is suboptimal. Moreover, these static VVs also present some 

limitations from the point of view of the DC-link voltage 

exploitation. Based on these previous limitations, this work 

proposes the implementation of dynamic virtual voltage vectors 

(DVVs), where VVs are created online within the MPC strategy. 

This new concept provides an online optimization of the output 

voltage production depending on the operating point, resulting in 

an enhanced flux/torque regulation and a better use of the DC-link 

voltage. Experimental results have been employed to assess the 

goodness of the proposed MPC based on DVVs. 

 

Index Terms— Dynamic virtual voltage vectors, model 

predictive control, six-phase induction machines. 

I. INTRODUCTION 

Finite-control-set model predictive control (FCS-MPC) has 

been widely studied for the current regulation of multiphase 

machines [1-4]. Standard field oriented control (FOC) performs 

the current regulation using proportional-integral (PI) 

controllers and a pulse width modulation (PWM) stage [5-7], 

whereas the MPC strategy directly selects the optimal switching 

state and applies it during the whole sampling period. In this 

sense MPC is closer to Direct Torque Control (DTC) [2,5,8-9], 

obtaining variable switching frequency and fast dynamic 

response in both techniques. Originally suggested for three-

phase electric drives, the lack of modulation resulted in higher 

current ripple but, at the same time, the predictive approach 

provided better dynamic response and high flexibility [10]. 

Initial attempts to extend the MPC strategy to multiphase 

machines followed the same procedure, but they used a cost 

function with the secondary 𝑥-𝑦 currents that are inherent to 

multiphase systems [11]. Unfortunately, the performance of 
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MPC was much poorer than in three-phase drives for the simple 

reason that a single switching state simultaneously maps into 

the main (𝛼-𝛽) and secondary (𝑥-𝑦) planes. Hence, the 

production of non-null average 𝑥-𝑦 voltage became inevitable, 

leading to high parasitic currents when the stator leakage 

inductance is reasonably low [12]. Although flux/torque control 

could be performed satisfactorily in distributed-winding 

multiphase induction machines (IMs), the appearance of high 

𝑥-𝑦 currents spoiled the current quality and efficiency. Even 

though the 𝑥-𝑦 currents can be a source of additional stator 

copper losses, these additional degrees of freedom provide 

multiphase machines with well-known advantages over their 

three-phase counterparts [1-2,12]. The fault-tolerance against 

open-phase faults is one of the most claimed ones [13-14], but 

some recent investigations have shown other innovative uses of 

the additional degrees of freedom. Shifting the active and 

reactive power between three-phase windings [15], regulating 

the voltage of the DC-link midpoint in series-connected VSCs 

[16], enhancing the braking capability using the stator as a 

braking resistor [17] and using improved on-board chargers for 

electrical vehicles [18] are some examples.  

Aiming to solve the aforementioned limitation with regard 

to the 𝑥-𝑦 current regulation, the concept of virtual/synthetic 

voltage vectors was introduced in [19] for the improvement of 

direct torque control (DTC) scheme in multiphase drives. In 

essence, VVs are a combination of several switching states in 

such a manner that the average 𝑥-𝑦 voltage production becomes 

null. Consequently, the application of VVs simplifies the 

control structure and guarantees low 𝑥-𝑦 currents in reasonably 

well-balanced multiphase IMs. The inclusion of VVs into DTC-

based multiphase drives was also conducted in [20-24], and 

later on they were also adopted together with MPC strategies 

[25-33]. The concept was also extended from five-phase to six- 

and nine-phase drives [20-21, 23-24, 27, 29-33]. Whereas the 

determination of the most adequate switching states to form the 

VV becomes more complex as the number of phases grows, the 

concept is mostly the same for different multiphase systems, 

i.e., minimizing the 𝑥-𝑦 voltage production and, at the same 

time, maximizing the 𝛼-𝛽 voltage generation [33]. Different 

versions of MPC suggest the use of a single VV [19-23, 31, 33], 

the joint use of a VV and the zero vector [25-30] or the 

combination of several VVs [32]. Nevertheless, the VVs that 

have been used in all cases have a static nature because they are 

determined offline (e.g., in [31] the large and medium-large 

vectors are applied during 73% and 27% of the sampling period, 

respectively). In other words, the time of application of each 

switching state within the VV is fixed in advanced, and this 

predefined combination is later on used in real-time control. 

Regardless of how VVs are combined and independently from 
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the control approach and number of phases, none of the existing 

works in literature have tried to generate the VVs dynamically, 

i.e., adjusting the selection of switching states and their 

proportion in real time within the MPC strategy. 

In spite of the better performance of VV-MPC compare to 

standard strategies, there are two main shortcomings that are 

inherent to the static nature of the VVs: 

S1. There is no flexibility for the control designer to 

promote the current tracking in either of the 𝛼-𝛽 or 𝑥-

𝑦 planes. 

S2. The voltage production is confined to specific discrete 

values and consequently the output voltage cannot be 

adapted to each operating point. 

Issue S1 cannot be solved in VV-MPC because the 𝑥-𝑦 

control is performed in open-loop mode, hence the cost function 

solely depends on the 𝛼-𝛽 current tracking [34]. Similarly, the 

machine equations in the secondary plane are completely 

omitted since there is no need to predict the 𝑥-𝑦 currents. In 

distributed-winding machines the 𝛼-𝛽 currents are responsible 

for the flux/torque production, whereas the 𝑥-𝑦 currents are just 

a source of stator copper losses [12]. Consequently, the 

dynamic performance can be improved with a higher accuracy 

in the 𝛼-𝛽 current tracking, whereas the copper losses can be 

mitigated if the ripple of the 𝑥-𝑦 currents is lower. In standard 

MPC the designer can search for a tradeoff between both issues 

just adjusting the weighting factors in the cost function [35-36]. 

It follows that the inclusion of VVs results in a loss of flexibility 

to promote either the flux/torque tracking or the efficiency for 

each specific application. 

With regard to issue S2, in six-phase machines there are 

only 12 VVs that are formed with large vectors (applied during 

73% of the sampling period) and medium-large vectors (applied 

the remaining 27%) [31]. Regardless of the voltage that is 

required at each sampling period, the VV-MPC can only apply 

one of the 12 predefined VVs or the zero vector. Although some 

operating points would better require the combination of other 

vectors (e.g., large & large or large & zero vectors when voltage 

requirements are high and low, respectively) or other times of 

application (different from 73% and 27%), the static nature of 

the VVs does not provide flexibility to change neither the 

switching state nor their times of application. For this reason, 

the implementation of VVs in MPC strategies is inherently 

suboptimal. 

On the basis of the aforementioned shortcomings, this 

works advances one step beyond by dynamically determining 

the VVs in real time within the MPC loop. At each sampling 

time, the proposed algorithm will select online both the 

switching states and their times of application with no 

predefined assumptions (except for the exclusion of the small 

vectors). Consequently, the VVs are constantly changing to 

search for the optimal combination at each sampling time, and 

for this reason they will be referred from now on as dynamic 

voltage vectors (DVVs). Both the vectors that are selected to 

form the VV and their proportion can be adjusted according to 

the operating point of the multiphase drive. Furthermore, the 

construction of the VV will also depend on the designer 

specifications: by adjusting the weighting factors in the 

proposed DVV-MPC it is possible to promote the current 

tracking in either 𝛼-𝛽 or 𝑥-𝑦 planes. In few words, the DVVs 

regain the design flexibility of standard MPC with the 

capability to further reduce the 𝑥-𝑦 currents compared to VV-

MPC.  

The main disadvantage of the proposed DVV-MPC is the 

increased computational cost. However, S1 and S2 

shortcomings are overcome, thus providing a higher flexibility 

and current quality. The approach is also novel in essence 

because all previous works are based on static VVs. This work 

aims to be a proof-of-concept about the interest of using an 

online optimization to form the VV as a means to improve the 

MPC performance. 

The paper is structured as follows: Section II reviews some 

generalities of six-phase IM drives. Section III describes the 

model predictive control using static virtual voltage vectors. 

Section IV details the proposed procedure to determine the 

dynamic voltage vectors that are included within the MPC 

strategy. Section V provides experimental results that compare 

the performance of static and dynamic VVs. Finally, Section VI 

summarizes the main conclusions obtained. 

II. GENERALITIES OF SIX-PHASE IM DRIVES 

A. Topology description 

The system employed in this work includes an asymmetrical 

six-phase IM and a six-phase voltage source converter (VSC) 

obtained from two parallel three-phase two-level inverters (Fig. 

1). Vector [𝑆]={𝑆𝑎1, 𝑆𝑏1, 𝑆𝑐1, 𝑆𝑎2, 𝑆𝑏2, 𝑆𝑐2} defines the 

different VSC leg switching states, being 𝑆𝑖𝑗=0 if the lower 

switch is ON and the upper switch is OFF and 1 otherwise. 

Thereby, [𝑆] allows expressing the 26 = 64 available VSC 

switching states in a single vector using a binary coding. To 

obtain stator phase voltages, it is necessary to employ the vector 

[𝑆], the DC-link voltage (𝑉𝑑𝑐) and the transformation matrix 

from leg to phase variables as follows: 

[
 
 
 
 
 
𝑣𝑎𝑠1

𝑣𝑏𝑠1

𝑣𝑐𝑠1

𝑣𝑎𝑠2

𝑣𝑏𝑠2

𝑣𝑐𝑠2]
 
 
 
 
 

=
𝑉𝑑𝑐

3

[
 
 
 
 
 

2 −1 −1 0 0 0
−1 2 −1 0 0 0
−1 −1 2 0 0 0

0 0 0 2 −1 −1
0 0 0 −1 2 −1
0 0 0 −1 −1 2]

 
 
 
 
 

·

[
 
 
 
 
 
𝑆𝑎1

𝑆𝑏1

𝑆𝑐1

𝑆𝑎2

𝑆𝑏2

𝑆𝑐2]
 
 
 
 
 

 (1) 

In order to simplify control strategies, vector space 

decomposition (VSD) provides simpler means for the model-

based regulation of multiphase drives. Hence, applying the 

amplitude invariant decoupling Clarke transformation, it is 

 

 
Fig. 1. Scheme of a six-phase IM drive. 
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possible to obtain the vector space decomposed voltages (2): 

[𝑇] =
1

3

[
 
 
 
 
 
 1 −1/2 −1/2 √3/2 −√3/2 0

0 √3/2 −√3/2 1/2 1/2 −1

1 −1/2 −1/2 −√3/2 √3/2 0

0 −√3/2 √3/2 1/2 1/2 −1
1 1 1 0 0 0
0 0 0 1 1 1 ]

 
 
 
 
 
 

 

[𝑣𝛼𝑠 , 𝑣𝛽𝑠, 𝑣𝑥𝑠, 𝑣𝑦𝑠, 𝑣0+, 𝑣0−]
𝑇

= [𝑇] ∙ [𝑣𝑎1, 𝑣𝑏1, 𝑣𝑐1, 𝑣𝑎2, 𝑣𝑏2, 𝑣𝑐2]
𝑇 

(2) 

 

Using standard assumptions [37], the model of this 

multiphase machine can be transformed into VSD variables, by 

employing (2). 

𝑣𝛼𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝛼𝑠 + 𝑀

𝑑𝑖𝛼𝑟

𝑑𝑡
 

𝑣𝛽𝑠 = (𝑅𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
) 𝑖𝛽𝑠 + 𝑀 

𝑑𝑖𝛽𝑟

𝑑𝑡
 

𝑣𝑥𝑠 = (𝑅𝑠 + 𝐿𝑙𝑠

𝑑

𝑑𝑡
) 𝑖𝑥𝑠 

𝑣𝑦𝑠 = (𝑅𝑠 + 𝐿𝑙𝑠

𝑑

𝑑𝑡
) 𝑖𝑦𝑠 

   0 = (𝑅𝑟 + 𝐿𝑟

𝑑

𝑑𝑡
) 𝑖𝛼𝑟 + 𝑀

𝑑𝑖𝛼𝑠

𝑑𝑡
+ 𝜔𝑟𝐿𝑟𝑖𝛽𝑟 + 𝜔𝑟𝑀𝑖𝛽𝑠 

   0 = (𝑅𝑟 + 𝐿𝑟

𝑑

𝑑𝑡
) 𝑖𝛽𝑟 + 𝑀

𝑑𝑖𝛽𝑠

𝑑𝑡
− 𝜔𝑟𝐿𝑟𝑖𝛼𝑟 − 𝜔𝑟𝑀𝑖𝛼𝑠 

𝑇𝑒 = 3𝑝𝑀(𝑖𝛽𝑟𝑖𝛼𝑠 − 𝑖𝛼𝑟𝑖𝛽𝑠)  

(3) 

where 𝐿𝑠 = 𝐿𝑙𝑠 + 𝑀, 𝐿𝑟 = 𝐿𝑙𝑟 + 𝑀, 𝑀 = 3 · 𝐿𝑚, and 𝜔𝑟 = 𝑝 ·
𝜔𝑚, being 𝑝 and 𝜔𝑚 the pole pairs number and the mechanical 

speed, respectively. In addition, indices 𝑠 and 𝑟 denote stator 

and rotor variables and subscripts 𝑙 and 𝑚 denote leakage and 

magnetizing inductance, respectively. 

The zero-sequence currents (𝑖0+, 𝑖0−) are omitted from this 

analysis because the machine is configured with two isolated 

neutral points and, therefore, these currents cannot flow. 

Conversely, 𝛼-𝛽 and 𝑥-𝑦 currents are responsible for the 

flux/torque generation and the stator copper losses, 

respectively. For this reason, these subspaces must be properly 

regulated in order to provide a suitable dynamic performance 

and satisfactory efficiency. On the other hand, this work 

assumes a distributed-winding IM as well as negligible spatial 

harmonics.  

The control stage typically requires employing 𝑑-𝑞 

components in a rotating reference frame to decouple flux and 

torque regulation. For this purpose, the transformation from 

stationary reference frame (3) to rotating frame via Park 

transformation can be used (4), where 𝜃𝑠 is the angle of rotor 

flux [12]. 

[𝐷] = [
𝑐𝑜𝑠𝜃𝑠 𝑠𝑖𝑛𝜃𝑠

−𝑠𝑖𝑛𝜃𝑠 𝑐𝑜𝑠𝜃𝑠
] 

(4) 
[𝑖𝑑𝑠, 𝑖𝑞𝑠]

𝑇
= [𝐷] ∙ [𝑖𝛼𝑠, 𝑖𝛽𝑠]

𝑇
 

B. Voltage vectors in six-phase VSCs. 

As previously exposed, each of the 26 = 64 available 

voltage vectors in a six-phase machine is mapped in both 𝛼-𝛽 

and 𝑥-𝑦 subspaces. Consequently, fulfilling simultaneously the 

𝛼-𝛽 and 𝑥-𝑦 requirements is not possible if a single switching 

state is applied during the whole sampling period, as it occurs 

in standard MPC. 

Analyzing the 26 = 64 voltage vectors mapped in 𝛼-𝛽 and 

𝑥-𝑦 subspaces, it is possible to classify them into small, 

medium, medium-large and large vectors according to their size 

in the 𝛼-𝛽 subspace. Note that medium-large vectors in 𝛼-𝛽 

subspace result in medium-large vectors in 𝑥-𝑦 subspace, 

whereas large vectors in the main 𝛼-𝛽 plane correspond to small 

vectors in the secondary subspace, and vice versa [12]. 

Furthermore, medium-large and large vectors with a common 

direction in the 𝛼-𝛽 plane have opposite directions in the 𝑥-𝑦 

subspace. This special localization of the voltage vectors has 

allowed the implementation of VVs in order to satisfy the 𝛼-𝛽 

and 𝑥-𝑦 requirements for MPC and DTC strategies in 

multiphase machines [19-21, 31-32].  

III. MODEL-BASED PREDICTIVE CONTROL EMPLOYING 

VIRTUAL VOLTAGE VECTORS 

A. Standard Model Predictive Control in six-phase drives 

Standard FCS-MPC strategies iteratively evaluate all 

available switching states of the VSC (64 in a dual three-phase 

two-level VSC) every sampling time, and consequently this 

implies a high computational burden. MPC allows the tracking 

of the reference stator currents (𝑖𝛼𝛽𝑥𝑦
∗ ) using a predictive IM 

model (using the standard Euler discretization) that predicts the 

future values of stator currents (𝑖̂𝛼𝛽𝑥𝑦) [6]. Multiphase MPC-

based schemes typically include an outer speed loop with a PI 

controller and inner current loops that are implemented with a 

model predictive approach. The speed loop provides the q-

current reference whereas the d-current reference is assumed to 

be constant and proportional to the rated magnetic flux. For 

regulation purposes the 𝑑-𝑞 reference currents are expressed as 

𝛼-𝛽 components via the inverse Park transformation [2,12]. 

The optimization process is performed by exhaustive search 

over the different switching states. The comparison between the 

predicted and the reference stator currents allows determining 

the optimal signal gating (𝑆𝑜𝑝𝑡) by minimizing a cost function 

𝐽𝑣 that takes into account the error in the 𝛼-𝛽 and 𝑥-𝑦 currents 

as follows: 

𝐽𝑣 = 𝑒𝛼
2 + 𝑒𝛽

2 + 𝐾𝑥𝑦 · (𝑒𝑥
2 + 𝑒𝑦

2) (5) 

where: 

𝑒𝛼 = (𝑖𝛼𝑠
∗ − 𝑖̂𝛼𝑠 ) 

𝑒𝛽 = (𝑖𝛽𝑠
∗ − 𝑖𝛽̂𝑠 ) 

𝑒𝑥 = (𝑖𝑥𝑠
∗ − 𝑖𝑥̂𝑠 ) 

𝑒𝑦 = (𝑖𝑦𝑠
∗ − 𝑖̂𝑦𝑠 ) 

(6) 

The 𝐾𝑥𝑦  coefficient is the weighting factor for the 𝑥-𝑦 

currents error term in the cost function. In distributed-winding 

machines the reference values of the 𝑥-𝑦 currents are set to zero 

in order to reduce the stator copper losses. However, as 

previously described, the active voltage vectors are 

simultaneously mapped into 𝛼-𝛽 and 𝑥-𝑦 planes, therefore it is 

impossible to satisfy 𝛼-𝛽 and 𝑥-𝑦 requirements with the 

application of a single switching state during the sampling 

period. This fact can considerably degrade the MPC 

performance for low values of the stator leakage inductance 

[12]. 
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B. Model Predictive Control using Virtual Voltage Vectors 

(VV-MPC) 

In order to minimize the 𝑥-𝑦 harmonic currents that appear 

in standard MPC, voltage vectors can be replaced by 

virtual/synthetic voltage vectors that ensure a null average 𝑥-𝑦 

voltage production. Taking advantage of the spatial localization 

of the voltage vectors in 𝛼-𝛽 and 𝑥-𝑦 subspaces, VVs are 

synthesized applying one medium-large and one large voltage 

vector [31]. Consequently, 12 active VVs and a single null 

vector provide the new available voltage states. Each voltage 

vector from the pair must be applied with a different application 

time during the sampling period in order to generate zero 

average voltage in the 𝑥-𝑦 subspace. For the proposed topology, 

the large vector application time is 𝑡1 = 0.73 · 𝑇𝑠 and medium-

large vector application time is 𝑡2 = 0.27 · 𝑇𝑠, being 𝑇𝑠 the 

sampling time. Following the aforementioned statement, a 

general expression for the VV can be defined: 

𝑉𝑉𝑖 = 𝑡1 · 𝑉𝑙𝑎𝑟𝑔𝑒 + 𝑡2 · 𝑉𝑚𝑒𝑑𝑖𝑢𝑚−𝑙𝑎𝑟𝑔𝑒  (7) 

The regulation of the 𝑥-𝑦 currents is directly carried out in 

open-loop mode with the implementation of VV-MPC. Since 

the predictive algorithm does no longer need to include the 

secondary components, it is possible to reduce the predictive 

model. Furthermore, 𝑥-𝑦 components are also absent in the cost 

function of VV-MPC: 

𝐽𝑉𝑉 = 𝑒𝛼
2 + 𝑒𝛽

2 (8) 

To sum up, the inclusion of VVs in the MPC scheme highly 

mitigates the harmonic distortion and, at the same time, 

simplifies the control because the 𝑥-𝑦 currents are regulated 

indirectly with the implementation of the VVs. Moreover, a 

reduced model predictive control and a cost function with a 

lower number of terms can be implemented, reducing the 

computational cost of MPC. 

IV. PROPOSED DVV-MPC CONTROL ALGORITHM  

The proposed control algorithm introduces an online 

method to generate VVs that can be dynamically adjusted at 

different operating points. Aiming to overcome S1 (lack of 

flexibility) and S2 (discrete nature of the voltage vectors) 

shortcomings, the dynamic voltage vectors are designed to 

achieve an enhanced 𝛼-𝛽 currents tracking with reduced stator 

copper losses. For this purpose, the algorithm that calculates the 

DVV uses three stages to determine both the two optimal 

switching states and their respective application times. The 

capability of the DVV algorithm to modify the times of 

application allows covering in a continuous manner the whole 

voltage range, this being opposed to the discrete nature of static 

VVs that use a fixed proportion. Furthermore, the DVV 

algorithm regains the capability of standard MPC to tune the 

weighting factors to either promote 𝛼-𝛽 or 𝑥-𝑦 currents, which 

is inexistent in static VVs. To sum up, the proposed regulation 

strategy searches the dynamic combination of vectors pairs and 

the corresponding application times in order to obtain improved 

current quality and efficiency. Since both DVV-MPC and VV-

MPC strategies follow a predictive-based approach, their 

performance is expected to have some parameter dependence. 

A detailed study on the sensitivity of predictive controllers to 

parameter variation can be found in [38]. In any case, the main 

difference between VV-MPC and DVV-MPC is not related to 

the model or parameters, but to the procedure to select the 

voltage vectors and times of application (offline in VVs and 

online in DVVs). 

As an initial step in the DVV algorithm, it is analyzed if 

some of the  26 = 64 switching states of the six-phase VSC can 

be discarded in advance to alleviate the computational burden 

of the iterative MPC process. For this purpose, it is worth noting 

the existence of 12 duplicate states that provide the same output 

voltage. Taking advantage of this redundancy, these 12 states 

are eliminated from the analysis in order to ease the real-time 

implementation. In addition, some voltage vectors have a 

marginal contribution in the 𝛼-𝛽 subspace and a high 

magnitude in the 𝑥-𝑦 plane. This implies that the capability of 

these voltage vectors to produce flux/torque is very limited and, 

at the same time, large stator copper losses are expected. Since 

the aim of the voltage vectors is to drive the machine creating 

proper flux/torque with minimum copper losses, such vectors 

should not be considered in the DVV algorithm. For such 

purpose, the relative value of the voltage production in 𝛼-𝛽 and 

𝑥-𝑦 planes of the 4 aforementioned groups of voltage vectors: 

large, medium-large, medium and small voltage vectors 

(termed  𝐶𝐿, 𝐶𝑀𝐿, 𝐶𝑀 and 𝐶𝑆, respectively) is quantified in Table 

I, using the following ratio: 

𝑅𝛼𝛽 =
|𝑣𝛼𝛽|

|𝑣𝑥𝑦|
⁄  (9) 

where |𝑣𝛼𝛽| and |𝑣𝑥𝑦| are the voltage vector modulus in 𝛼-𝛽 

and 𝑥-𝑦 planes, respectively. 

Note that, in order to illustrate the goodness of the different 

voltage vector groups, a percentage of the 𝑅𝛼𝛽 ratio taking 𝐶𝐿 

as base value is also included in Table I. 

As shown in Table I, the ratio 𝑅𝛼𝛽 of the group 𝐶𝑆  (i.e., 

small vectors in the 𝛼-𝛽 subspace which are mapped into large 

vectors in the 𝑥-𝑦 plane) is extremely low (8%). This indicates 

that the 12 small vectors grouped in 𝐶𝑆 are not adequate to 

efficiently generate flux and torque and, for this reason, they are 

also omitted from the analysis. To sum up, duplicated medium 

vectors and all small vectors are discarded in advance to 

improve the flux/torque production and reduce the 

computational burden. Finally, only one null vector is used 

among the four available in a six-phase VSC. After this 

preliminary analysis, only a subset of 37 switching states (see 

Fig. 2) will be considered in the proposed algorithm. The DVV-

MPC scheme is shown in Fig. 3, which consists of three stages 

that are detailed next. 
TABLE I 

AMPLITUDE AND CONTRIBUTION RATIO OF THE VOLTAGE 

VECTORS IN EACH  

SUBSPACE GROUPED 𝐶𝐿 TO 𝐶𝑆  NORMALIZED WITH 𝑉𝐷𝐶 

Group 𝑪𝑳 𝑪𝑴𝑳 𝑪𝑴 𝑪𝑺 

|𝒗𝜶𝜷| · 𝟏𝟎𝟎 64 47 33 17 

|𝒗𝒙𝒚| · 𝟏𝟎𝟎 17 47 33 64 

𝑹𝜶𝜷 3.8 1 1 0.3 

% 100 27 27 8 
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A. Stage 1: preselection of the four best voltage vectors 

This first step consists in implementing a standard MPC 

with a finite control set of 37 possible vectors (Fig. 2), where 

the four best voltage vectors are selected. Measured currents 

and mechanical speed are used as inputs in the predictive 

model. The set of voltage vectors is iterated 37 times, 

generating predictions of 𝛼-𝛽 and 𝑥-𝑦 currents. A predefined 

cost function 𝐽𝑠1 evaluates the drive performance and 37 values 

of cost function (𝐽𝑠1
1  to 𝐽𝑠1

37, in descending order of the provided 

error) are obtained using the following expression:  

𝐽𝑠1 = (𝑒𝛼
2 + 𝑒𝛽

2) + 𝐾𝑥𝑦1 · (𝑒𝑥
2
+ 𝑒𝑦

2) (10) 

Note that 𝑒𝛼, 𝑒𝛽, 𝑒𝑥 and  𝑒𝑦 in (10) are the 𝛼-𝛽 and 𝑥-

𝑦 currents errors previously defined in (6). On the other hand, 

the coefficient 𝐾𝑥𝑦1 is the weighting factor for the 𝑥-𝑦 currents 

error term in the cost function, and it is determined by the 

designer in order to satisfy the control objectives and system 

features. Considering that it is impossible to serve the 

regulation objectives in a sampling period with a single voltage 

vector [12], it is necessary to assume a tradeoff between the 

flux/torque regulation and the harmonic distortion attending to 

𝐾𝑥𝑦1. 

The lower values of 𝐽𝑠1 are selected because they provide a 

lower current tracking error. Therefore, the optimal voltage 

vector (𝑉1
𝑠𝑒𝑙) and the following three best ones (𝑉2

𝑠𝑒𝑙, 𝑉3
𝑠𝑒𝑙  and 

𝑉4
𝑠𝑒𝑙), corresponding to 𝐽𝑠1

1 , 𝐽𝑠1
2 , 𝐽𝑠1

3  and 𝐽𝑠1
4  cost function values, 

are the stage 1 outputs. These four preselected voltage vectors 

will be adequately combined in the following stages. 

B. Stage 2: selection of the optimum pair of voltage vectors  

This stage provides the best couple of voltage vectors to 

compose the DVV. This pair of voltage vectors (𝑉1
𝑜𝑝𝑡

 and 𝑉2
𝑜𝑝𝑡

) 

is selected among the four preselected voltage vectors in stage 

1 (𝑉1
𝑠𝑒𝑙,𝑉2

𝑠𝑒𝑙, 𝑉3
𝑠𝑒𝑙  and 𝑉4

𝑠𝑒𝑙). Even though  𝑉1
𝑠𝑒𝑙 and 𝑉2

𝑠𝑒𝑙  are  

individually the best two vectors, they might not be the best pair 

if they are not compatible (i.e., their 𝑥-𝑦 components do not 

cancel). In stage 2, the optimal couple of voltage vectors is 

obtained using a new cost function 𝐽𝑠2 presented in (11), 

combining the cost function values of stage 1 (first two terms 

in (11)) and the 𝑥-𝑦 voltages of the selected voltage vectors (last 

term in (11)). This last term of the proposed cost function 

promotes pairs of vectors whose 𝑥-𝑦 components have opposite 

directions. Since the cost function (𝐽𝑠2) is evaluated for each 

pair of preselected voltage vectors, six cost function values 

((4
2
) = 6) are calculated in this stage.  

𝐽𝑠2 = 𝐽𝑠1
𝑖 + 𝐽𝑠1

𝑗
+ 𝐾𝑤 ∙ [(𝑣𝑥

𝑖 + 𝑣𝑥
𝑗
)
2
+ (𝑣𝑦

𝑖 + 𝑣𝑦
𝑗
)
2
] 

𝐽𝑠1
𝑖  and 𝐽𝑠1

𝑗
: cost functions corresponding to preselected 

voltage vectors 𝑖 and 𝑗 in stage 1. 

𝐾𝑤: weighting factor that penalizes the copper losses (see 

values in Table IV).  

𝑣𝑥
𝑖  and 𝑣𝑥

𝑗
: 𝑥-component of the preselected voltage 

vectors 𝑖 and 𝑗 in stage 1. 

𝑣𝑦
𝑖  and 𝑣𝑦

𝑗
: 𝑦-component of the preselected voltage 

vectors 𝑖 and 𝑗 in stage 1. 

(11) 

 

 
Fig. 2. Subset of 37 voltage vectors for DVV-MPC in six-phase drives. 

 
Fig. 3. DVV-MPC scheme for a six-phase IM drive 

To detail the stage 2 performance, Table II exemplifies a 

case of study using 4 preselected voltage vectors from stage 1. 

This table shows the influence of the weighting factor 𝐾𝑤 on 

the selection of the optimal couple of voltage vectors. For that 

purpose, two different values of 𝐾𝑤 have been employed. As 

expected, low values of 𝐾𝑤 do not give practical importance to 

the cancellation of 𝑥-𝑦 components (last term in (11)), hence 

the optimum vectors are the best two vectors from stage 1 (i.e., 

𝑉1
𝑜𝑝𝑡

= 𝑉1
𝑠𝑒𝑙 = 0 and 𝑉2

𝑜𝑝𝑡
= 𝑉2

𝑠𝑒𝑙 = 18). Nevertheless, if the 

value of 𝐾𝑤 is increased (up to 1 in Table II), then the best pair 

is 𝑉1
𝑜𝑝𝑡

= 𝑉2
𝑠𝑒𝑙 = 18 and 𝑉2

𝑜𝑝𝑡
= 𝑉3

𝑠𝑒𝑙 = 22 because voltage 

vectors 18 and 22 are mostly opposed in the 𝑥-𝑦 plane (see Fig. 

2) and provide some degree of voltage cancellation. 

In summary, stage 2 provides the optimal couple of voltage 

vectors to create the DVVs in accordance with the weighting 

factor 𝐾𝑤 that can be adjusted by the control designer.  

C. Stage 3: determination of the optimal application times  

This last stage finally determines the application times for 

each of the optimum voltage vectors (𝑉1
𝑜𝑝𝑡

 and 𝑉2
𝑜𝑝𝑡

) from stage 

2. These application times are expressed in per unit values 

taking 𝑇𝑠 as base value, so 𝑉1
𝑜𝑝𝑡

 is applied during 𝑡𝑜𝑝𝑡 and 𝑉2
𝑜𝑝𝑡

 

for the rest of the sampling period, 1 − 𝑡𝑜𝑝𝑡. The general 

expression of the proposed DVV is hence: 

𝐷𝑉𝑉𝑖 = 𝑡𝑜𝑝𝑡 ·  𝑉1
𝑜𝑝𝑡

+ (1 − 𝑡𝑜𝑝𝑡) · 𝑉2
𝑜𝑝𝑡

 (12) 

In order to determine the optimal time to apply 𝑉1
𝑜𝑝𝑡

, an 

iterative search for different values of 𝑡𝑜𝑝𝑡 is computed. For 

such purpose, it is necessary to predict the 𝛼-𝛽 and 𝑥-
𝑦 currents for each 𝐷𝑉𝑉𝑖 and to evaluate the prediction using 

the cost function 𝐽𝑠3 defined as follows: 

𝐽𝑠3 = 𝑒𝛼
2 + 𝑒𝛽

2 + 𝐾𝑥𝑦3 · (𝑒𝑥
2 + 𝑒𝑦

2) (13) 

Stage 3 is iterated 10 times, sweeping 𝑡𝑜𝑝𝑡 from 0.55 to 1 

and obtaining 10 different cost function values with associated 
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dwell times (see Fig. 4). The lowest value of this proposed cost 

function allows selecting the optimal application time (𝑡𝑜𝑝𝑡) 

that define the DVV (𝑉1
𝑜𝑝𝑡

, 𝑉2
𝑜𝑝𝑡

) to be applied to enhance the 

drive performance. Moreover, thanks to the fact that stage 3 

uses a cost function including 𝑥-𝑦 currents, the inherent design 

flexibility of standard MPC is recovered in DVV-MPC. 

V. EXPERIMENTAL RESULTS 

A. Test Bench 

Experimental testing has been implemented using the test 

bench shown in Fig. 5. The six-phase drive is composed of an 

asymmetrical six-phase IM powered by conventional two-level 

three-phase VSCs (Semikron SKS22F modules). Table III 

shows the IM drive parameters obtained using AC time domain 

and stand still with inverter supply tests [39-40] and rated 

values employed in the experimental tests. 

A single DC power supplies the VSCs and control actions 

are performed by a digital signal processor (TMS320F28335 

from Texas Instruments, TI). The control unit is programmed 

using a JTAG and the TI proprietary software called Code 

Composer Studio. This control unit includes a data logger based 

on SD card for recording the experimental measurements. The 

data transmission between the digital signal processor and the 

SD card is based on SPI communication protocols. The current 

and speed measurements are taken with four hall-effect sensors 

(LEM LAH 25-NP) and a digital encoder 

(GHM510296R/2500), respectively. The six-phase IM is 

loaded coupling its shaft to a DC machine that acts as a 

generator. The armature of the DC machine is connected to a 

variable passive R load that dissipates the power and the load 

torque is consequently speed-dependent. 

B. Experimental Results  

The first test evaluates the current quality improvement that 

can be obtained thanks to the inclusion of DVVs into an FCS-

MPC scheme. For that purpose, three different versions of MPC 

have been implemented: VV-MPC (Fig. 6, left column), DVV-

MPC focused on 𝑥-𝑦 components (Fig. 6, middle column) and 

DVV-MPC focused on 𝛼-𝛽 components (Fig. 6, right column). 

The first three rows in Table IV show the weighting factors of 

the proposed MPC schemes for Test 1. Note that VV-MPC does 

not require any tuning since this MPC strategy employs a 

reduced model and a cost function without 𝑥-𝑦 components, 

while DVV-MPC focused on 𝑥-𝑦 components is set with higher 

values of the 𝑥-𝑦 weighting factors compared to the case of 

DVV-MPC focused on 𝛼-𝛽 components.  

From the control point of view, the tracking of the reference 

speed is satisfactory in all three implemented strategies (see 

Fig. 6a). However, the current tracking performance is highly 

dependent on the selected control strategy and tuning of the 

weighting factors. As shown in Fig. 6e, the phase currents 

obtained with both DVV-MPC strategies present a lower ripple 

than the phase currents of VV-MPC. To quantify this 

improvement in the current quality, Table V presents some 

quality indices, including the stator current RMS value, total  

 
Fig. 4. Flowchart of the proposed DVV-MPC algorithm 

 
Fig. 5. Scheme of the test bench used for the experimental results. 

.

TABLE II 
SELECTION OF OPTIMAL PAIR OF VECTORS STARTING FROM 4 PRESELECTED VOLTAGE VECTORS IN STAGE 1 (CASE OF STUDY). 

Prediction k+1

Predictive Model
+

Cost Function 𝐽𝑠1 (eq. 10)

n >=37
No

4 minimum Js1

Yes

Cost Function 𝐽𝑠2
(eq. 11)

minimum Js2 

t1>=1
No

Optimal t1

Yes

STAGE 2

STAGE 1 STAGE 2

STAGE 3

Predictive Model
+

Cost Function 𝐽𝑠3 (eq. 13)

for n =1 to 37

for t1=0.55 to 1

Apply

𝑡𝑜𝑝𝑡

𝐽𝑠1
1 𝐽𝑠1 

2 𝐽𝑠1
3 𝐽𝑠1 

4

ARMATURE 

CIRCUIT

PASSIVE 

LOAD

FIELD 

CIRCUIT

DC-MACHINE SIX-PHASE IM

CONTROL 

UNIT

J-TAG

VSCs1 and VSCs2 

DC-Link

 

Preselected 

Voltage 
Vectors 

Cost Function 

Values 
Cost function 𝐽𝑠2 

Weighting 

factor 

Selected 
Optimal 

Pair of 

Vectors 

𝑉1
𝑠𝑒𝑙 = 0 𝐽𝑠1

1 = 0.0745 𝐽𝑠2 = 𝐽𝑠1
1 + 𝐽𝑠1

2 + 𝐾𝑤 · [(𝑣𝑥
1 + 𝑣𝑥

2)2 + (𝑣𝑦
1 + 𝑣𝑦

2)
2
] 

𝐽𝑠2 = 𝐽𝑠1
1 + 𝐽𝑠1

3 + 𝐾𝑤 · [(𝑣𝑥
1 + 𝑣𝑥

3)2 + (𝑣𝑦
1 + 𝑣𝑦

3)
2
] 

𝐽𝑠2 = 𝐽𝑠1
1 + 𝐽𝑠1

4 + 𝐾𝑤 · [(𝑣𝑥
1 + 𝑣𝑥

4)2 + (𝑣𝑦
1 + 𝑣𝑦

4)
2
] 

𝐽𝑠2 = 𝐽𝑠1
2 + 𝐽𝑠1

3 + 𝐾𝑤 · [(𝑣𝑥
2 + 𝑣𝑥

3)2 + (𝑣𝑦
2 + 𝑣𝑦

3)
2
] 

𝐽𝑠2 = 𝐽𝑠1
2 + 𝐽𝑠1

4 + 𝐾𝑤 · [(𝑣𝑥
2 + 𝑣𝑥

4)2 + (𝑣𝑦
2 + 𝑣𝑦

4)
2
] 

𝐽𝑠2 = 𝐽𝑠1
3 + 𝐽𝑠1

4 + 𝐾𝑤 · [(𝑣𝑥
3 + 𝑣𝑥

4)2 + (𝑣𝑦
3 + 𝑣𝑦

4)
2
] 

𝐾𝑤=1 
𝑉1

𝑜𝑝𝑡
= 18 

𝑉2
𝑜𝑝𝑡

= 22 
𝑉2

𝑠𝑒𝑙 = 18 𝐽𝑠1
2 = 1.2923 

𝑉3
𝑠𝑒𝑙 = 22 𝐽𝑠1

3 = 1.9731 
𝐾𝑤=0.0005 

𝑉1
𝑜𝑝𝑡

= 0 

𝑉2
𝑜𝑝𝑡

= 18 
𝑉4

𝑠𝑒𝑙 = 54 𝐽𝑠1
4 = 2.0633 
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TABLE III 
IM DRIVE PARAMETERS AND RATED VALUES IN 

EXPERIMENTAL TESTS 

𝑇𝑠 (μs) 200 

DC-link voltage (V) 300 

𝑖𝑟𝑎𝑡𝑒𝑑 (A) 6.5  

𝑓𝑟𝑎𝑡𝑒𝑑 (Hz) 50 

𝑉𝑟𝑎𝑡𝑒𝑑 (V) 220 

𝑛𝑚 (rpm)  1000 

𝑅𝑠 (Ω)  14.195 

𝑅𝑟 (Ω) 2.05 

𝐿𝑚 (mH)  420 

𝐿𝑙𝑠 (mH)  4.5 

𝐿𝑙𝑟 (mH) 55.12 

harmonic distortion (THD) percentage in phase and 𝛼-𝛽 

currents, and 𝑥-𝑦 current ripple (quantified as a standard 

deviation). Based on the results from Table V, the phase current 

THD is reduced by 33% with the inclusion of DVVs into an 

MPC scheme, compared to VV-MPC. Focusing on the 𝑥-𝑦 

currents (Fig. 6d), DVV-MPC strategies decrease the ripple of 

these components, enhancing the performance of VV-MPC. As 

expected, DVV-MPC focused on 𝑥-𝑦 currents shows the best 

𝑥-𝑦 current tracking, whereas DVV-MPC focused on 𝛼-𝛽 

currents presents the lower THD percentage of components 

related with the flux/torque production (see Fig. 6c and Table 

V). DVV-MPC focused on 𝛼-𝛽 currents also achieves a better 

𝑑-𝑞 current tracking performance (Fig. 6b). According to the 

results included in Test 1, DVVs allow improving the 

performance in the different subspaces, therefore achieving 

better phase current quality and reduced stator copper losses, as 

it can be observed from the current RMS values shown in Table 

V. 

Test 2 shows the flexibility provided by DVV-MPC to 

regulate 𝛼-𝛽 and 𝑥-𝑦 currents when the reference speed is 400 

rpm (Fig. 7a). On this occasion, three different settings of 

DVVs are employed to illustrate this capability of the proposed 

DVV-MPC (see the last three rows Table IV). The first 

configuration replays DVV-MPC focused on 𝛼-𝛽 currents (Fig. 

7, left column). The second setting for DVV-MPC (Fig. 7, 

middle column) employs a similar configuration but the 

weighting factor 𝐾𝑤 is reduced to 0.5 in order to stimulate the 

inclusion of the null vector in the pair of selected voltage 

vectors (DVV-MPC focused on null voltage vector). Finally, to 

optimize the flux/torque regulation, a new configuration of 

DVV-MPC (Fig. 7, right column) is also included in this second 

test, where the weighting factor 𝐾𝑥𝑦1 is defined with a null 

value (DVV-MPC focused on medium voltage vectors). Table 

VI presents again some quality indices to quantify the goodness 

of the proposed settings in DVV-MPC. 

The histograms of the selected voltage vectors for each 

setting of DVV-MPC during the Test 2 are shown in Fig. 7f. 

The selection of 𝐾𝑥𝑦1 = 0 promotes the selection of medium 

voltage vectors (see the right column of Fig. 7f). However, 

 
TABLE IV 

WEIGHTING FACTORS FOR DIFFERENT SETTINGS IN 
EXPERIMENTAL TESTS 

Test MPC version 𝐾𝑥𝑦1 𝐾𝑤 𝐾𝑥𝑦3 

1 VV-MPC - - - 

1 DVV-MPC focused on 𝑥-𝑦 currents 0.7 1 0.60 

1-2 DVV-MPC focused on 𝛼-𝛽 currents 0.3 1 0.25 

2 DVV-MPC focused on null voltage vector 0.3 0.5 0.25 

2 DVV-MPC focused on medium voltage vectors 0 1 0.40 

TABLE V 

TEST 1: PERFOMANCE QUALITY INDICES (VV-MPC VERSUS DVV-
MPC) 

MPC version 𝑇𝐻𝐷𝑝ℎ(%) 𝑅𝑀𝑆𝑝ℎ(𝐴) 𝑇𝐻𝐷𝛼𝛽(%) 𝜎𝑥𝑦(A) 

VV-MPC 46.9 1.46 17.25 0.66 

DVV-MPC focused 

on 𝑥-𝑦 currents 
31.6 1.44 20.40 0.37 

DVV-MPC focused 

on 𝛼-𝛽 currents 
31.2 1.44 15.20 0.44 

as shown in Table VI, medium voltage vectors present a poor 

𝑥-𝑦 performance and, therefore, the regulation of these 

components  

is not satisfactory (Fig. 7d). Phase currents possess a high ripple 

(Fig. 7e) and the THD of the phase currents for this 

configuration is unacceptable (92%). To sum up, DVV-MPC 

focused on medium voltage vectors allows improving the 

flux/torque regulation, but provides a poor regulation of the 𝑥-

𝑦 currents due to the low leakage inductance value. Although 

this setting is not valid for this IM, this configuration might be 

an interesting solution for IM with higher values of the leakage 

inductance. 

On the other hand, the weighting factor relationship 

employed in DVV-MPC focused on null voltage vector 

promotes the selection of the zero voltage vector as an optimal 

voltage vector, as shown Fig. 7f. Since the zero voltage vector 

is also null in the 𝑥-𝑦 plane, an improved regulation of the 𝑥-

𝑦 currents is obtained because this vector does not produce 

voltage in this secondary subspace. This is illustrated in the 

standard deviation of the 𝑥-𝑦 currents included in Table VI, 

showing that this DVV configuration provides the best 𝑥-𝑦 

regulation. This DVV-MPC version also reduces the THD of 

the 𝛼-𝛽 currents, and therefore the phase currents also present 

an enhanced performance (see all these quality indices in Table 

VI). It can be observed that DVVs allow the designers to decide 

the best configuration of the weighting factors in order to satisfy 

their objectives, hence increasing the flexibility of the control 

strategy. 

As a summary, it can be stated that DVV-MPC outperforms 

VV-MPC providing better current quality (verified in Test 1) 

and control flexibility (verified in Test 2). 

The dynamic performance is verified in tests 3 (load 

rejection) and 4 (speed reversal). In Test 3 the machine is driven 

at 400 rpm when the load torque of 3 Nm is released at 𝑡 =
17 𝑠, both in DVV-MPC and VV-MPC (left column and right 

column of Fig. 8, respectively). At this moment the reference 

𝑞-current is decreased and the measured 𝑞-current closely 
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Fig. 6. Test 1: Steady-state performance of VV-MPC (left column), DVV-MPC focused on 𝑥-𝑦 currents (middle column) and DVV-MPC focused on 𝛼-𝛽 

currents (right column). From top to bottom: (a) motor speed, (b) 𝑑-𝑞 currents, (c) α-𝛽 currents, (d) 𝑥-𝑦 currents and (e) phase currents set#1. 

follows the reference (Fig. 8b) to maintain the speed at 400 rpm. 

The 𝑑-current is kept constant, the torque is decreased (Fig. 8c) 

and the speed shows a slight overshoot that is quickly corrected 

to maintain a correct steady-state performance in no-load 

condition (Fig. 8a). In Test 4 the reference speed is changed 

from −300 to 300 rpm at 𝑡 = 10 𝑠 in DVV-MPC and VV-MPC 

(left column and right column of Fig. 9 respectively). Both the 

current and speed tracking are satisfactory (Fig. 9a and 9b) and 

the phase currents invert the sequence in the zero-speed 

crossing (Fig. 9c). As a summary from tests 3 and 4, it can be 

observed that the dynamic performance of DVV-MPC is equal 

in practical terms to the one in VV-MPC. Therefore, the 

advantages in steady-state condition (shown in Test 1) are 

obtained with no impact on the dynamic performance. 

Test 5 finally evaluates the steady-state response when the 

six-phase motor is driven at 700 rpm and 4.1 Nm (Fig. 10), 

showing the performance of VV-MPC (left plots) and DVV-

MPC focused on 𝛼-𝛽 currents (right plots). While the motor 

speed is satisfactorily tracked in both techniques (Fig. 10a), the 

current control in 𝑑-𝑞 and 𝑥-𝑦 currents is improved (Fig. 10b 

and 10c) and this reduces in turn the distortion of phase currents 

(Fig. 10d). The THD of phase currents using DVV-MPC is 

22.87% whereas VV-MPC provides a THD of 32.08%, hence 

the use of DVVs reduces the THD by 29% with the same 

parameters and operating conditions. This improvement in the 

current quality is in the same range as in test 1 (at 400 rpm with 

3 Nm), where the THD improvement was quantified to be 33% 

(see table V). 

To summarize, tests 1 and 5 quantify the significant 

improvements in the current quality at different steady-state 

conditions (Figs. 6 and 10), test 2 proves that the proposed 

DVVs increase the control flexibility (Fig. 7) and tests 3 and 4 

confirm that the dynamic response of the proposed method is 

satisfactory (Figs. 8 and 9). 

VI. CONCLUSIONS 

MPC schemes are an interesting alternative for the control of 

multiphase machines thanks to their good dynamic response 

and high flexibility. However, standard MPC inevitably 

generates undesired 𝑥-𝑦 voltages because a single switching 

state is applied during the whole sampling period. 

Consequently, its performance can be highly degraded when the 

stator leakage inductance is low. This issue has been widely 

analyzed in the literature and several works have proposed the 

use of static virtual voltage vectors to mitigate this 

disadvantage. However, the solution provided by this approach 

presents some drawbacks from the point of view of the 

flexibility and voltage production. In order to outperform the 

MPC schemes based on static VVs, this work proposes the 

implementation of an MPC that includes dynamic virtual 

voltage vectors. The suggested DVVs provide MPC with a 
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higher flexibility and better current tracking because they are 

obtained online according to the operating point. Experimental 

results confirm that the proposed DVV-MPC achieves better 

current quality than VV-MPC, regaining at the same time a 

higher flexibility for the designer.  
TABLE VI 

TEST 2: PERFORMANCE QUALITY INDICES FOR DIFFERENT 

SETTINGS IN DVV-MPC 

MPC version 
𝑇𝐻𝐷𝑝ℎ 

(%) 

𝑅𝑀𝑆𝑝ℎ 

(𝐴) 

𝑇𝐻𝐷𝛼𝛽

(%) 

𝜎𝑥𝑦 

(A) 

DVV-MPC focused on 𝛼-𝛽 

currents 
31.2 1.44 15.20 0.44 

DVV-MPC focused on null 
voltage vector 

30.9 1.38 14.07 0.41 

DVV-MPC focused on 

medium voltage vectors 
92.0 1.85 12.06 1.20 
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Fig. 9. Test 4: Speed reversal test for DVV-MPC focused on null voltage vector (left column) and VV-MPC (right column). From top to bottom: (a) motor 

speed, (b) 𝑑-𝑞 currents, (c) zoom of the 𝛼-𝛽 currents, (d) zoom of the phase currents set#1 and (e) zoom of the phase currents set #2. 
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Fig. 10. Test 5: Steady-state performance of VV-MPC (left column) and DVV-MPC and DVV-MPC focused on 𝛼-𝛽 currents (right column). From top to 

bottom: (a) motor speed, (b) 𝑑-𝑞 currents, (c) 𝑥-𝑦 currents and (d) phase currents set#1. 
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