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This research presents an enhanced model predictive current control strategy for a three-level Neutral Point 
Clamped inverter driving a permanent magnet synchronous motor. The proposed new strategy significantly 
reduces computational complexity and balances the DC-bus capacitor voltages without weighting factors. Unlike 
conventional finite control set model predictive control, which requires exhaustive searches through all feasible 
switching conditions during iterative optimization, the proposed method streamlines a two-stage optimization 
procedure. In the initial stage, it utilizes the switching state of a P-type small vector. Medium voltage vectors 
are reconstructed from two suitable small vectors before the rolling optimization. Finally, the most effective 
switching signals are implemented in the 3L-NPC inverter by combining the best switching states identified in 
the optimization loop with the facilitated suggested self-balancing mechanisms for small vectors. The effectiveness 
of the suggested technique is validated via comprehensive comparative simulations and processor-in-loop 
experiments, executed under both stable and dynamic transitional conditions. The suggested approach achieves 
performance levels similar to traditional methods regarding settling time for speed, current ripple, and harmonic 
distortion of the current, all while decreasing the computational load by 30%. Compared to the prior method, 
capacitor voltage balancing is guaranteed under all operating conditions, particularly at low speeds. This result 
reduces stator current total harmonic distortion by 49.8% at 500 rpm due to the corrective of the medium voltage 
vector’s impact.

1. Introduction

Permanent magnet synchronous motors (PMSMs) are extensively 
employed in electric vehicles and various industrial applications due 
to their remarkable efficiency, substantial torque, and significant power 
density [1–4]. Recently, the multilevel inverter has been recognized for 
its significant benefits over the established two-level configuration, in-

cluding lower voltage stress, enhanced output voltage quality, reduced 
switching losses, and high power capacity [5,6]. These benefits are ful-

filled by the three-level neutral point-clamped (3L-NPC) inverter, mak-

ing it a highly suitable option for PMSM system applications requiring 
high power and high voltage [7–9].

Abbreviations: FOC, Field oriented control; CCS-MPC, Continuous control set model predictive control; DTC, Direct torque control; DSP, Digital signal processor; FCS-MPC, Finite 
control set model predictive control; FFT, Fast Fourier Transform; NP, Neutral Point; NPC, Neutral Point Clamped; PI, Proportional-integral controller; PIL, Processor-in-loop; PMSM, 
Permanent magnet synchronous motor; RMSE, Root mean square percentage error; THD, Total harmonic distortion; 3L-NPC, Three-level Neutral Point Clamped.
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In such applications, field-oriented control (FOC) and direct torque 
control (DTC) are the two predominant methodologies. FOC delivers 
rapid dynamic reactions and superior steady-state conditions via current 
and speed control loops with proportional-integral (PI) [10,11]. How-

ever, accurately identifying the motor’s parameters poses a challenge 
due to the impact of diverse operating conditions, such as disturbances, 
temperature fluctuations, and frictional forces, which result in varia-

tions in these parameters. Conversely, DTC employs lookup tables to 
generate switching signals without relying on modulation technique, al-

lowing for a quick response, but typically resulting in significant torque 
ripple and elevated switching frequencies [12,13]. The use of model 
predictive control (MPC) in PMSM drives has significantly increased in 
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Nomenclature

𝜔𝑒, 𝜔𝑚 Electrical angular speed and rotor speed.

𝜓𝑚 Rotor flux linkage.

𝜃 Electrical angle associated with the rotor.

𝐶1, 𝐶2 DC-link capacitors.

𝑖𝑠𝑎, 𝑖𝑠𝑏, 𝑖𝑠𝑐 Three-phase stator current.

𝑖𝑠𝑑 , 𝑖𝑠𝑞 Stator current in 𝑑𝑞-axis.

𝐿𝑠 Phase inductance.

𝑅𝑠 Phase resistance.

𝑆𝑥 Switching status of inverter with 𝑥 ∈ {𝑎, 𝑏, 𝑐}.

𝑇𝑒 Electromagnetic torque.

𝑇𝑠 Sampling time.

𝑢𝑜 Neutral-point voltage.

𝑢𝑠𝑑 , 𝑢𝑠𝑞 Stator voltage in 𝑑𝑞-axis.

𝑢𝑥𝑜 Inverter phase voltage with 𝑥 ∈ {𝑎, 𝑏, 𝑐}.

𝑉𝑑𝑐 DC-link voltage.

Superscripts 

∗ Reference value.

Subscripts 

𝑑, 𝑞 𝑑, 𝑞 axis.

𝑠 Stator.

recent years owing to its intuitive framework, excellent dynamic perfor-

mance, and flexible multi-objective control capabilities [14–16]. This 
advancement has been largely supported by the accelerated evolution 
of digital signal processors, which enable efficient real-time implemen-

tation. MPC is categorized into two main types according to its control 
input: continuous control set model predictive control (CCS-MPC) and 
finite control set model predictive control (FCS-MPC). The CCS-MPC 
approach generates a continuous reference of voltage through the res-

olution of an optimization issue [15–17]. A significant challenge, how-

ever, lies in the high computational burden associated with addressing 
the quadratic programming problem at each sampling period, especially 
when taking into account constraints and nonlinearities. In contrast, 
the FCS-MPC approach employs a comprehensive method to identify 
the most suitable control variable from a limited set of discrete nature 
switching signals. Furthermore, the evaluation function is capable of ef-

fectively addressing non-linear constraints such as current, switching 
frequency, and capacitor voltage balancing [14,16,18].

FCS-MPC can be categorized based on the kind of predicted vari-

able, including predictive current control [3,19,20], predictive torque 
control [7,9], predictive speed control [1,18,21], and predictive flux 
control [22]. Voltage imbalance in the DC-bus capacitors of 3L-NPC 
inverters adversely affects output quality, shortens the lifespan of the 
capacitors, and exposes switching devices to a heightened risk of fail-

ure due to differing voltage stresses. When implementing conventional 
FCS-MPC for PMSMs driven by a 3L-NPC inverter, the neutral-point (NP) 
voltage component must be incorporated into the cost function. This in-

tegration allows the controller to achieve multi-objective optimization, 
simultaneously managing stator current, torque, flux linkage, and NP 
voltage balance. Consequently, fine-tuning various weighting factors is 
imperative for achieving satisfactory control performance. Various al-

ternative strategies focus on the weighting factor design by employing 
metaheuristic optimization technique, fuzzy logic, and artificial neu-

ral networks. However, accurately determining the adjustment of the 
numerous weighting coefficients is intricate, primarily depending on 
practical experience, and the design process is complex, leading to high 
computational demands. To solve the challenges associated with the 
two-level inverter, one can combine the electromagnetic torque and the 
stator flux into a single torque or a flux term [23,24]. Another approach 
involves merging the torque and flux elements into a stator voltage 
through the application of the deadbeat technique [15,25,26]. However, 
when these strategies are extended to 3L-NPC inverters, the NP voltage 
cannot be integrated with the other variables within the optimization 
criterion.

To eradicate the need for selecting an adjustment element for NP 
voltage control, several strategies employ the nearest three-vector ap-

proach. This method modifies the application timing of duplicative small 
vectors to maintain a mean current of zero via the NP during each sam-

pling period [19,27]. However, these approaches may prove ineffective 
in scenarios with a high modulation index or a significant power factor, 
leading to compromised control performance. A new approach has been 

proposed that combines virtual vector space modulation with model pre-

dictive control for current or torque in 3L-NPC inverters [8,9,20,28,29]. 
This method aims to recombine small and medium vectors to reduce the 
impact of medium vectors on the imbalance of DC-link capacitor volt-

ages under various operating conditions. Nonetheless, this technique re-

quires complex trigonometric computations to accurately determine the 
precise sector or region of the inverter voltage vector within the space 
vector diagram. Additionally, it involves intensive dwell time calcula-

tions to accurately allocate the duration of switching states, ensuring 
the proper synthesis of the desired output voltage through the optimal 
distribution of the switching signals. A major challenge encountered 
by FCS-MPC in real-world applications is the substantial computational 
load associated with multilevel inverters. This arises from the need 
to thoroughly evaluate all possible combinations of switching control 
gates during the online computation phase. Consequently, this results 
in longer execution times, which require extended control cycles and 
adversely affect control performance. In [30,31], a novel approach is 
proposed for implementing 3L-NPC inverters, beginning with the cal-

culation of the reference voltage vector. This vector is then straight 
assess with available voltage vectors in roll optimization. Their method 
significantly reduces the iteration time needed to forecast control ob-

jectives related to voltage vectors, thereby decreasing computational 
effort. However, the need to evaluate multiple redundant switching 
states introduces considerable computational complexity, limiting the 
practicality of this approach in certain scenarios.

To address the aforementioned challenges, our study presents an 
enhanced model predictive current control approach for a 3L-NPC 
inverter-fed PMSMs system. This approach eliminates the need for tun-

ing weighting factors and enriches control performance, particularly 
under significant NP voltage imbalance caused by small and medium 
vectors. A predictive model is utilized to forecast the stator current 
derived from the inverter operating states and the observed control vari-

able measurements. The control goals, including rotor speed regulation 
and NP voltage balance, are achieved through a defined cost function 
implemented in two phases. During the initial phase, the recommended 
approach employs the switching circumstances of a P-type small vector, 
thus bypassing the necessity for two redundant small vectors. Addition-

ally, medium voltage vectors are reconstructed using two appropriate 
small vectors to rectify the imbalance in the DC-bus capacitor voltages. 
This approach minimizes the feasible voltage vectors for 3L-NPC invert-

ers, lowering their total from 27 to 19, which aids in roll optimization. 
In the final phase, optimal switching signals are executed in the 3L-

NPC inverters by integrating the most effective switching conditions 
from the optimization loop with the proposed DC-link voltage balancing 
for small vectors. Compared to conventional FCS-MPC [18] and earlier 
approaches [19], the proposed method significantly reduces computa-

tional complexity, eliminates the need for selecting a weighting factor, 
and reliably maintains neutral-point voltage balance under all operat-

ing conditions. This is especially effective in challenging scenarios, such 
as high modulation indices and low-speed operations. Table 1 provides 
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Table 1
Control strategies for PMSM supplied by 3L-NPC inverters.

Control methods Advantages Drawbacks 
FOC Acceptable performance Low dynamic response 

Accurate machine parameters 
Complex modulation

DTC Fast dynamic response High sampling frequency 
Not modulation Significant torque ripple

CCS-MPC High performance Complex optimization for nonlinear system 
Fast dynamic response Complex modulation 
Easily constraint inclusion 

Conventional 
FCS-MPC

High performance High computational burden 
Fast dynamic response Weighting factor selection 
Easily constraint inclusion 
Simple optimization 
Not modulation 

Previous 
FCS-MPC [19]

High performance Neutral-point voltage imbalance at high 
modulation indices and low speedFast dynamic response 

Easily constraint inclusion 
Simple optimization 
Not modulation 

Suggested 
FCS-MPC [28]

High performance Sector and dwell-time calculation via 
complex trigonometryFast dynamic response 

Easily constraint inclusion 
Simple optimization 

Proposed approach High performance 
Fast dynamic response 
Easily constraint inclusion 
Simple optimization 
Not modulation 

a summary of the control strategies for PMSM powered by 3L-NPC in-

verters. This paper emphasizes several key advancements, which consist 
of:

• The offered strategy achieves NP voltage balancing by integrating 
a simplified algorithm that selects the proper switching combina-

tion from the redundant small vectors, along with suitable recon-

struction of the amplitudes of the medium vectors. This approach 
eliminates the need for weighting factors, thereby reducing control 
complexity and avoiding the challenging task of tuning multiple 
weighting parameters. The NP voltages exhibited by the suggested 
method demonstrate a resemblance to those of the conventional 
FCS-MPC [18] under all operating conditions. However, unlike the 
prior technique [19], it fails to guarantee the balance of the DC-link 
voltage in specific circumstances due to the influence of medium 
vectors, such as low-speed conditions and high modulation indices.

• The strategy put forward results in a computational load reduc-

tion of approximately 30% relative to conventional FCS-MPC. This 
improvement is achieved by eliminating the need to predict NP 
voltage and by minimizing the number of stator current predic-

tions and cost function evaluations. The insights gained from this 
research may facilitate the establishment of a viable control frame-

work, making use of a cost-effective platform that operates with a 
minimized sampling interval.

• The proposed strategy delivers comparable performance to conven-

tional FCS-MPC during both dynamic and steady-state conditions, 
demonstrating similar settling time for speed, current ripple, and to-

tal harmonic distortion (THD) of the stator current. Compared to the 
prior method outlined in [19], the THD of stator current in the pro-

posed approach has been reduced by 49.8%, decreasing from 2.27% 
to 1.14% at 500 rpm. Particularly, the DC-link capacitor voltages 
are unbalanced due to the effects of the medium voltage vector.

This paper will be presented in the following structure: Section 2 in-

troduces the system configuration and dynamic model of the 3L-NPC 

Table 2
The diverse switching configurations of 3L-NPC inverters 𝑥∈ {𝑎, 𝑏, 𝑐}.

States Switching pulses Inverter voltage 
𝑆𝑥 𝑆𝑥1 𝑆𝑥2 𝑆𝑥3 𝑆𝑥3 𝑢𝑥𝑜

[𝑃 ] 1 1 0 0 𝑉𝑑𝑐∕2
[𝑂] 0 1 1 0 0
[𝑁] 0 0 1 1 −𝑉𝑑𝑐∕2

inverter-fed PMSM. Section 3 outlines the offered streamlined model 
predictive current control scheme, which incorporates self-balancing 
mechanisms of the DC-link capacitor voltages. Section 4 provides sim-

ulation results, comparative analysis, and discussion. To conclude, Sec-

tion 5 presents a summary of the significant findings discussed through-

out the paper.

2. The configuration and mathematical framework of the 
system’s topology

A fundamental configuration of the PMSM supplied by three-level 
NPC inverters is depicted in Fig. 1. Each phase leg of the NPC inverter 
features four semiconductor switches and two clamping diodes. A split 
DC-link capacitor that divides the DC voltage into two equal halves, 
creating the neutral point (𝑜). The functionality of the 3L-NPC inverters 
is defined by three specific switching states: [P], [O], and [N]. In the [P] 
status, both 𝑆𝑥1 and 𝑆𝑥2 switches are activated to “ON”, producing an 
inverter terminal voltage 𝑢𝑥𝑜 = 𝑉𝑑𝑐∕2. In contrast, the [N] status reflects 
that lower two switches 𝑆𝑥3 and 𝑆𝑥4 are activated to “ON”, resulting in 
a terminal voltage 𝑢𝑥𝑜 of −𝑉𝑑𝑐∕2. The switching status designated as [O] 
indicates that the middle switches 𝑆𝑥2 and 𝑆𝑥3 are engaged in the “ON” 
state, causing 𝑢𝑥𝑜 being held at zero through the action of the clamping 
diodes. The activation of either of the two clamping diodes is contingent 
upon the direction of the current. Table 2 delineates the summary of the 
status changes induced by the inverter.
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Fig. 1. Structure of the PMSM powered by 3L-NPC inverters. 

Given that the equilibrium of capacitor voltages is assured, the in-

verter phase voltage, denoted as 𝑢𝑥𝑜, concerning the neutral point can 
be expressed in a facilitated form as follows:

𝑢𝑥𝑜 =
𝑆𝑥𝑉𝑑𝑐

2 
, (1)

where 𝑉𝑑𝑐 signifies the DC-link voltage. The switching status is denoted 
by 𝑆𝑥, with 𝑆𝑥 taking values from the set {−1,0,1}. These values are 
associated with the switching condition [P], [O], and [N], as depicted 
in Table 2.

Assuming a steady DC-bus voltage and the equality of capacitances 
(𝐶1 = 𝐶2 = 𝐶𝑑𝑐 ), the instantaneous NP voltage (𝑢𝑜) can be characterized 
by the inverter operating states and the stator currents as:

𝑑𝑢𝑜
𝑑𝑡 

=
𝑑
(
𝑢𝑐1 − 𝑢𝑐2

)
𝑑𝑡 

= − 1 
𝐶𝑑𝑐

𝑖𝑛𝑝 (2)

= − 1 
𝐶𝑑𝑐

(
(1 − | 𝑆𝑎|)𝑖𝑠𝑎 + (1 − | 𝑆𝑏|)𝑖𝑠𝑏 + (1 − | 𝑆𝑐 |)𝑖𝑠𝑐).

The representation of voltage equations for PMSM in the rotating 
coordinate frame, identified as the 𝑑𝑞-axis, is provided as follows:

𝑢𝑠𝑑 =𝑅𝑠𝑖𝑠𝑑 +𝐿𝑑

𝑑𝑖𝑠𝑑
𝑑𝑡 

−𝜔𝑒𝐿𝑞𝑖𝑠𝑞, (3)

𝑢𝑠𝑞 =𝑅𝑠𝑖𝑠𝑞 +𝐿𝑞

𝑑𝑖𝑠𝑞

𝑑𝑡 
+𝜔𝑒𝐿𝑑𝑖𝑠𝑑 +𝜔𝑒𝜓𝑚,

where 𝜔𝑒 = 𝑝𝜔𝑚 denotes the electrical angular speed, with 𝜔𝑚 repre-

senting the rotor speed and 𝑝 indicating the number of pole pairs. The 
variables 𝑅𝑠, 𝐿𝑠, and 𝜓𝑚 correspond to the phase resistance, inductance 
(𝐿𝑑 = 𝐿𝑞 = 𝐿𝑠 for surface-mounted PMSM), and rotor flux linkage, re-

spectively.

By varying the stator current in the d-axis, one can effectively control 
the electromagnetic torque:

𝑇𝑒 =
3
2
𝑝𝜓𝑚𝑖𝑠𝑞. (4)

The stator current is determined from equation (3) as demonstrated 
in the following:

𝑑𝑖𝑠𝑑
𝑑𝑡 

=
𝑢𝑠𝑑
𝐿𝑠

−
𝑅𝑠

𝐿𝑠

𝑖𝑠𝑑 +𝜔𝑒𝑖𝑠𝑞, (5)

𝑑𝑖𝑠𝑞

𝑑𝑡 
=
𝑢𝑠𝑞

𝐿𝑠

−
𝑅𝑠

𝐿𝑠

𝑖𝑠𝑞 −𝜔𝑒𝑖𝑠𝑑 −
𝜔𝑒

𝐿𝑠

𝜓𝑚,

where the stator voltages, represented by 𝑢𝑠𝑑 and 𝑢𝑠𝑞 in the synchronous 
reference frame, can be established through the Park-transformation as:

⎡⎢⎢⎣
𝑢𝑠𝑑
𝑢𝑠𝑞
𝑢𝑠0

⎤⎥⎥⎦ = [𝑃 ]
⎡⎢⎢⎣
𝑢𝑠𝑎
𝑢𝑠𝑏
𝑢𝑠𝑐

⎤⎥⎥⎦ , [𝑃 ] = 2
3

⎡⎢⎢⎢⎢⎢⎢⎣

cos (𝜃) cos
(
𝜃 − 2𝜋

3 

)
cos

(
𝜃 + 2𝜋

3 

)
sin (𝜃) sin

(
𝜃 − 2𝜋

3 

)
sin

(
𝜃 + 2𝜋

3 

)
1
2

1
2

1
2

⎤⎥⎥⎥⎥⎥⎥⎦
,

(6)

where 𝜃 represents the electrical angle associated with the rotor.

Furthermore, the stator voltage pertinent to the PMSM aligns with 
the output voltage of the 3L-NPC inverter, as illustrated in Fig. 1. This 
voltage can be computed by considering the inverter operating states 
and the DC-link voltages, as described in the subsequent equations:

𝑢𝑠𝑎 =
𝑉𝑑𝑐
6 

(
2𝑆𝑎 −𝑆𝑏 −𝑆𝑐

)
, (7)

𝑢𝑠𝑏 =
𝑉𝑑𝑐
6 

(
2𝑆𝑏 −𝑆𝑎 −𝑆𝑐

)
,

𝑢𝑠𝑐 =
𝑉𝑑𝑐
6 

(
2𝑆𝑐 −𝑆𝑎 −𝑆𝑏

)
.

Employing the first-order forward Euler technique for the discrete 
approximation of equations (2) and (5) across a sampling period 𝑇𝑠 re-

sults in the discrete-time formulation of the relevant model:

𝑖𝑠𝑑 (𝑘+ 1) =
(
1 −

𝑅𝑠𝑇𝑠
𝐿𝑠

)
𝑖𝑠𝑑 (𝑘) + 𝑇𝑠𝜔𝑒(𝑘)𝑖𝑠𝑞(𝑘) +

𝑇𝑠
𝐿𝑠

𝑢𝑠𝑑 (𝑘), (8)

𝑖𝑠𝑞(𝑘+ 1) =
(
1 −

𝑅𝑠𝑇𝑠
𝐿𝑠

)
𝑖𝑠𝑞(𝑘) − 𝑇𝑠𝜔𝑒(𝑘)𝑖𝑠𝑑 (𝑘) +

𝑇𝑠
𝐿𝑠

𝑢𝑠𝑞(𝑘)

−
𝑇𝑠
𝐿𝑠

𝜓𝑚𝜔𝑒(𝑘),

𝑢𝑜(𝑘+ 1) = 𝑢𝑜(𝑘) −
𝑇𝑠
𝐶𝑑𝑐

(
(1 − | 𝑆𝑎(𝑘)|)𝑖𝑠𝑎(𝑘) + (1 − | 𝑆𝑏(𝑘)|)𝑖𝑠𝑏(𝑘))

−
𝑇𝑠
𝐶𝑑𝑐

(1 − | 𝑆𝑐(𝑘)|)𝑖𝑠𝑐 (𝑘).
Within practical applications, it is crucial to address the issue of cal-

culation delay compensation. An effective strategy for mitigating this 
delay is to leverage the state observed at the 𝑘th instant to estimate the 
state at the (𝑘 + 1)th instant, and then use this estimation to identify 
the optimal switching status for the (𝑘 + 1)th instant. In this scenario, 
the stator currents and the NP voltage can be derived from the best in-

verter operating states at the prior sampling instant, along with system 
measurements and the model. Subsequently, the anticipated values at 
𝑘 + 2 are forecasted based on the approximate values at 𝑘 + 1 and all 
switching status of the 3L-NPC inverters as:
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Fig. 2. Space vector representation of 3L-NPC. 

𝑖𝑠𝑑 (𝑘+ 2) =
(
1 −

𝑅𝑠𝑇𝑠
𝐿𝑠

)
𝑖𝑠𝑑 (𝑘+ 1) + 𝑇𝑠𝜔𝑒(𝑘+ 1)𝑖𝑠𝑞(𝑘+ 1)

+
𝑇𝑠
𝐿𝑠

𝑢𝑠𝑑 (𝑘+ 1),

𝑖𝑠𝑞(𝑘+ 2) =
(
1 −

𝑅𝑠𝑇𝑠
𝐿𝑠

)
𝑖𝑠𝑞(𝑘+ 1) − 𝑇𝑠𝜔𝑒(𝑘+ 1)𝑖𝑠𝑑 (𝑘+ 1)

+
𝑇𝑠
𝐿𝑠

𝑢𝑠𝑞(𝑘+ 1) −
𝑇𝑠
𝐿𝑠

𝜓𝑚𝜔𝑒(𝑘+ 1),

𝑢𝑜(𝑘+ 2) = 𝑢𝑜(𝑘+ 1) −
𝑇𝑠
𝐶𝑑𝑐

(
1 − | 𝑆𝑎(𝑘+ 1)|) 𝑖𝑠𝑎(𝑘+ 1) (9)

−
𝑇𝑠
𝐶𝑑𝑐

(
(1 − | 𝑆𝑏(𝑘+ 1)|)𝑖𝑠𝑏(𝑘+ 1)

+ (1 − | 𝑆𝑐(𝑘+ 1)|)𝑖𝑠𝑐(𝑘+ 1)
)
.

3. Advanced structure for a PMSM utilizing three-level NPC with 
mechanisms for self-balancing voltage

This study focused on monitoring rotor speed with a quick dynamic 
response, reduced steady-state error, and maintaining capacitor voltage 
balance. To achieve these goals, conventional FCS-MPC methodologies 
for PMSM implement a cascaded design that features an external speed 
control based on a PI controller and a predictive controller for the inner 
stator current. The appropriate cost function that accounts for the com-

pensation of computational delays can be formulated as follows [14,16]:

𝑔(𝑢𝑘+1) =
‖‖‖𝑖∗𝑠𝑑 (𝑘+ 2) − 𝑖𝑠𝑑 (𝑘+ 2)‖‖‖2 + ‖‖‖𝑖∗𝑠𝑞(𝑘+ 2) − 𝑖𝑠𝑞(𝑘+ 2)‖‖‖2 (10)

+ 𝜆𝑐
‖‖𝑢𝑜(𝑘+ 2)‖‖2 ,

𝑖∗
𝑠𝑑
(𝑘 + 2) and 𝑖∗𝑠𝑞(𝑘 + 2) indicate the desired stator current in the 𝑑𝑞

axis at the time instance denoted by 𝑘 + 2. The factor 𝜆𝑐 is a weighting 
parameter that facilitates the attainment of satisfactory performance in 
the balance of capacitor voltages.

The future estimation of stator currents can be achieved through the 
application of the second-order Lagrange extrapolation procedure:

𝑖∗
𝑠𝑑
(𝑘+ 2) = 6𝑖∗

𝑠𝑑
(𝑘) − 8𝑖∗

𝑠𝑑
(𝑘− 1) + 3𝑖∗

𝑠𝑑
(𝑘− 2), (11)

𝑖∗𝑠𝑞(𝑘+ 2) = 6𝑖∗𝑠𝑞(𝑘) − 8𝑖∗𝑠𝑞(𝑘− 1) + 3𝑖∗𝑠𝑞(𝑘− 2).

Table 3
Impact of NP current on medium and small vector classifications.

Inverter vector categories Feasible voltage vectors Neutral-point current 
Medium vector 𝑉7 𝑖𝑠𝑏

𝑉8 𝑖𝑠𝑎
𝑉9 𝑖𝑠𝑐
𝑉10 𝑖𝑠𝑏
𝑉11 𝑖𝑠𝑎
𝑉12 𝑖𝑠𝑐

P-type small vector 𝑉1𝑃 −𝑖𝑠𝑎
𝑉2𝑃 𝑖𝑠𝑐
𝑉3𝑃 −𝑖𝑠𝑏
𝑉4𝑃 𝑖𝑠𝑎
𝑉5𝑃 −𝑖𝑠𝑐
𝑉6𝑃 𝑖𝑠𝑏

N-type small vector 𝑉1𝑁 𝑖𝑠𝑎
𝑉2𝑁 −𝑖𝑠𝑐
𝑉3𝑁 𝑖𝑠𝑏
𝑉4𝑁 −𝑖𝑠𝑎
𝑉5𝑁 𝑖𝑠𝑐
𝑉6𝑁 −𝑖𝑠𝑏

According to their amplitudes, voltage vectors are divided into four 
categories: large vectors (𝑉13, 𝑉14, 𝑉15, 𝑉16, 𝑉17, 𝑉18, medium vectors 
(𝑉7, 𝑉8, 𝑉9, 𝑉10, 𝑉11, 𝑉12), small vectors (𝑉1 , 𝑉2, 𝑉3, 𝑉4, 𝑉5, 𝑉6), and 
zero vectors (𝑉0) as depicted in Fig. 2. It is significant to highlight 
that the voltage of the NP remains unaffected by the large and zero 
vectors. The small vectors, designated as 𝑉1 to 𝑉6, have a pronounced 
effect on 𝑢𝑜. The vector pairs influence the capacitor’s voltages in op-

posing ways, as they can produce equivalent neutral-point current 𝑖𝑛𝑝
with differing polarity. In this case, a P-type small vector (𝑉1𝑃 ) is as-

sociated with an increase in 𝑢𝑜 , in contrast to an N-type small vector 
(𝑉1𝑁 ), which is linked to a decrease in 𝑢𝑜. This suggests that the im-

pact of one redundant vector obscures the effect of the other, contingent 
upon the inverter’s output currents being equalized. Furthermore, the 
neutral-point voltage is impacted by the medium vector, particularly in 
scenarios involving significant modulation indices or high power fac-

tors. Table 3 provides an overview of the NP current for the medium 
and small vector categories. By leveraging the redundancy property, one 
can offset the influence of the medium vector. The NP voltage achieves 
equilibrium when the current at the NP is zero during its active period. 
Therefore, the potential voltage 𝑢𝑜 is ensured by merging the medium 
vector with two relevant small vectors. For instance, the neutral-point 
currents generated by 𝑉7, 𝑉1𝑁 , and 𝑉2𝑃 correspond to 𝑖𝑠𝑏, 𝑖𝑠𝑎, and 𝑖𝑠𝑐 , 
respectively. Thus, the medium voltage 𝑉7 can be synthesized through 
the combination of the negative small vector 𝑉1𝑁 and positive small 
vector 𝑉2𝑃 as:

𝑉𝑀7 =
1
3
(
𝑉1𝑁 + 𝑉7 + 𝑉2𝑃

)
. (12)

The established FCS-MPC necessitates 27 viable switching conditions 
to implement the objective function at the optimization problem’s reso-

lution. Consequently, this leads to prolonged sampling periods and sig-

nificant computational demands, which can adversely affect the control 
system’s performance. Various strategies have been offered to allevi-

ate the computational load associated with multilevel converters. The 
strategies adopted a sectoral allocation of the reference inverter voltage 
vector, which is grounded in the space vector modulation procedure and 
dead-beat control [32–34]. Accordingly, the potential voltage vectors 
available for the 3L-NPC inverters diminish from 27 to 9, as shown in 
Fig. 2. Nonetheless, these approaches demand a weighting factor within 
the cost function to achieve equilibrium among the capacitor voltages. 
The challenge lies in accurately determining the ideal weighting element 
for specific operational scenarios, complicating the practical application 
in real systems. An alternative approach is introduced to alleviate the 
challenge of determining the optimal weighting coefficient by utiliz-

ing a suitable small redundant vector [19]. Nevertheless, this method 
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Fig. 3. Proposed technique to balance the DC-bus capacitor voltages in case of small vectors. 

fails to consider the influence of medium voltage on the stability of NP 
voltage, particularly in scenarios involving high modulation indexes or 
significant power factors. The studies referenced in [9,20,28] propose 
an FCS-MPC strategy for virtual vector modulation in 3L-NPC inverters, 
which aims to counteract the effects of small and medium voltage vec-

tors. However, this method requires complex trigonometric calculations 
to determine the region and the dwell time for the distribution of switch-

ing signals. To address the issues outlined, our study proposes a strategy 
that not only alleviates the substantial computational load but also guar-

antees the stability of DC-link capacitor voltages affected by medium 
and small vectors. Furthermore, this approach removes the requirement 
for selecting the most proper weighting element in the objective func-

tion. The control framework is structured around a two-phase strategy. 
In the preliminary phase, only the switching state of a P-type small vec-

tor is used, avoiding the two redundant small vectors that produce the 
same inverter voltage. The resulting neutral-point voltage imbalance is 
addressed through a simple condition, 𝑠𝑖𝑔𝑛(𝑢𝑜) > 0, which ensures the 
selection of appropriate switching signals. This modification reduces the 
conceivable switching states in the optimization objective function loop 
from 27 to 19. In the next step, the medium voltage vectors are accu-

rately reconstituted to resolve the imbalance in the DC-bus capacitor 
voltages. For instance, using vector 𝑉7 enables us to recalculate the 
inverter voltage in stationary coordinates based on two small positive 
and negative vectors according to (12) and (7) before applying the pre-

dictive model to estimate the stator currents. Likewise, the remaining 
medium voltages can be synthesized from two appropriate small vec-

tors. These computed values facilitate the determination of the stator 
currents within the 𝑑𝑞 reference frame utilizing Park transformation. 
Table 4 summarizes the inverter voltages necessary for all medium vec-

tors. As a result, the most suitable switching states for the PMSM, which 
is supplied by 3L-NPC inverters, are established by solving the optimiza-

tion problem:

𝑥𝑏𝑒𝑠𝑡 = 𝑎𝑟𝑔𝑚𝑖𝑛
{
𝑔
(
𝑢𝑘+1

)}
, (13)

s.t. 𝑢𝑘+1 ∈ 𝕍 =
{
𝑉1, ..., 𝑉19

}
, 𝑉𝑖 ∈ {−1,0,1}3

𝑔(𝑢𝑘+1) =
‖‖‖𝑖∗𝑠𝑑 (𝑘+ 2) − 𝑖𝑠𝑑 (𝑘+ 2)‖‖‖2 + ‖‖‖𝑖∗𝑠𝑞(𝑘+ 2) − 𝑖𝑠𝑞(𝑘+ 2)‖‖‖2

At the final stage, the optimal gate signals are implemented to the 
3L-NPC inverters by integrating the most effective switching conditions 
from the optimization loop with the offered DC-bus voltage equaliza-

tion for small vectors. Two cases are considered for the inverter voltage 

Table 4
Required inverter voltage of medium vectors.

Medium vector
Required inverter voltage 
Vector combination 𝑉𝑀𝛼 𝑉𝑀𝛽

𝑉7 𝑉1𝑁 , 𝑉7, 𝑉2𝑃 𝑉𝑀7𝛼 =
𝑉𝑑𝑐
18 𝑉𝑀7𝛽 =

√
3𝑉𝑑𝑐
9 

𝑉8 𝑉2𝑃 , 𝑉8, 𝑉3𝑁 𝑉𝑀8𝛼 = 0 𝑉𝑀8𝛽 =
2
√
3𝑉𝑑𝑐
9 

𝑉9 𝑉3𝑁 , 𝑉9, 𝑉4𝑃 𝑉𝑀9𝛼 = −
𝑉𝑑𝑐
3 𝑉𝑀9𝛽 =

√
3𝑉𝑑𝑐
9 

𝑉10 𝑉4𝑃 , 𝑉10, 𝑉5𝑁 𝑉𝑀10𝛼 = −
𝑉𝑑𝑐
3 𝑉𝑀10𝛽 = −

√
3𝑉𝑑𝑐
9 

𝑉11 𝑉5𝑁 , 𝑉11, 𝑉6𝑃 𝑉𝑀11𝛼 = 0 𝑉𝑀11𝛽 = −
2
√
3𝑉𝑑𝑐
9 

𝑉12 𝑉6𝑃 , 𝑉12, 𝑉1𝑁 𝑉𝑀12𝛼 =
𝑉𝑑𝑐
3 𝑉𝑀11𝛽 = −

√
3𝑉𝑑𝑐
9 

vector, as determined by the optimization loop: small vectors and non-

small vectors. When the optimal condition corresponds to a small vector, 
the switching signals are generated using a straightforward control dia-

gram, as illustrated in Fig. 3. In contrast, if a non-small vector is selected, 
the switching signals are directly derived from the corresponding in-

verter voltage vector. As an illustration, the inverter voltage identified 
as suitable based on the loop is 𝑉1𝑃 . The perfect switching signal corre-

sponds to 𝑉1𝑁 when the NP voltage is positive 𝑢𝑜 and the switching 
signal remains constant in the opposite situation. The approach pre-

sented identifies the flawless sequence of switches that matches the most 
reasonable inverter voltage vector. It does not require any predictions 
regarding the neutral-point voltage. All possible inverter voltages are 
computed offline before the predictive loop is initiated. Therefore, the 
cost function evaluations for the offered strategy are conducted exclu-

sively for the 19 vectors in question. On the other hand, the conventional 
FCS-MPC method [18] requires 27 predictions of stator currents, 27 pre-

dictions of neutral-point voltages, and 27 evaluations of the objective 
function within each sampling duration, resulting in a significant com-

putational cost. Additionally, this approach necessitates careful tuning 
of an optimal weighting factor to balance the DC-link capacitor volt-

ages. In contrast to the previously reported approaches [9,20,28], which 
rely on complex calculation and modulation signals, the proposed strat-

egy effectively mitigates the influence of medium vectors using a simple 
and efficient technique. Compared to the proposed method, the previous 
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Fig. 4. Recommended diagrammatic framework for a 3L-NPC connected to a PMSM. 

technique [19] uses the same number of inverter voltage vectors in the 
optimization loop but does not guarantee neutral-point voltage balanc-

ing due to the consequence of medium voltage vectors. This drawback 
can degrade control performance under such conditions. The innovative 
strategy presents a novel solution for streamlining computational pro-

cesses while ensuring self-balance of the DC-bus voltage across various 
operating conditions. Additionally, a significant benefit of the offered 
approach is the elimination of the need to select a weighting element. 
Fig. 4 demonstrates the flow diagram of the enhanced control strategy. 
A comprehensive overview of the offered methodology is presented in 
Algorithm 1. Fig. 5 illustrates the flowchart of the control algorithm for 
both the conventional FCS-MPC method and the proposed approach.

Algorithm 1 Algorithm of the offered control strategy with self-

balancing mechanisms DC-link voltage

Input: 𝑖𝑠𝑎𝑏𝑐 (𝑘), 𝑢𝑜(𝑘), 𝑉𝑑𝑐 , 𝜔𝑚(𝑘), 𝑖∗𝑠𝑑 (𝑘) and 𝜔∗
𝑚
(𝑘)

Output: Switching signal 𝑆𝑎𝑏𝑐

Estimate the stator currents 𝑖𝑠𝑑 (𝑘+ 1) and 𝑖𝑠𝑞(𝑘+ 1) from (8)

Compute required inverter voltage with a combination of appropriate small 
vector for medium vector based on (7) and (12)

Set the initial values of the best objective function 𝑔𝑏𝑒𝑠𝑡 and the switching 
status 𝑥𝑏𝑒𝑠𝑡
for 𝑖 = 1 to 19 do

Predict the stator currents 𝑖𝑠𝑑 (𝑘+ 2) and 𝑖𝑠𝑞(𝑘+ 2) using (9)

Evaluate the optimization criterion 𝑔(𝑢𝑘+1) from (13)

if 𝑔 < 𝑔𝑏𝑒𝑠𝑡 then

𝑔𝑏𝑒𝑠𝑡 ← 𝑔; 𝑥𝑏𝑒𝑠𝑡 ← 𝑖

end if

end for

Identify the correct switching signals for a small vector as illustrated in Fig. 3

4. Simulation results

Matlab Simulink is utilized to conduct simulation examinations. A 
3L-NPC inverter, which powers a PMSM, is constructed using Simpow-

ersystem, with the rated parameters provided in Table 5. The speed 
controller operates on a PI-type mechanism, with a control sampling 
time of 50 μs for the FCS-MPC strategy. Nevertheless, this matter is not 
the principal theme of the research and will not receive additional ex-

ploration.

To confirm the effectiveness of the proposed strategy, it undergoes 
testing under steady-state conditions at various speeds, as well as under 
dynamic response scenarios involving abrupt changes in speed and load 
torque. An evaluative comparison is conducted on the efficiency of tra-

ditional FCS-MPC [18], model predictive current control (prior method) 
[19] that utilizes an appropriate small vector for DC-link voltage balanc-

ing, and the enhanced MPC introduced in this research. The evaluation 

Table 5
Fundamental parameters of the investigated system.

Parameter Symbol Value 
DC-link voltage (V) 𝑉𝑑𝑐 560 
Capacitor (μF) 𝐶𝑑𝑐 500 
Stator resistance (Ω) 𝑅𝑠 2.875 
Stator inductance (𝐻) 𝐿𝑠 0.015 
Pairs 𝑝 3 
Permanent magnet flux (𝑊 𝑏) 𝜓𝑚 0.175 
Moment of inertia (𝑘𝑔𝑚2) 𝐽 0.029 
Viscosity coefficient (𝑘𝑔𝑚2∕𝑠2) 𝐵𝑚 0.0005 

of stator current ripples is undertaken with the aid of the root mean 
square percentage error (RMSE), formulated as:

𝑅𝑀𝑆𝐸(%) =

√
1 
𝑇𝑒𝑠𝑡

𝑇𝑒𝑠𝑡∑
𝑡=1 

(
𝑖𝑡 − �̂�𝑡

)2

1 
𝑇𝑒𝑠𝑡

𝑇𝑒𝑠𝑡∑
𝑡=1 

𝑖𝑡

, (14)

where 𝑖𝑡 is characterized as the needed value, in contrast to ̂𝑖𝑡 , which is 
the simulated weight evaluated over the time interval of 𝑇𝑒𝑠𝑡 .

4.1. Steady-state evaluation

To highlight the feasibility of the offered methodology, three scenar-

ios were executed. Initially, the control frequency for all three schemes 
is established at 10 kHz. The load torque is configured to 10 Nm, while 
the rotor speed is set to 2000 rpm. The results at steady state for the 
traditional FCS-MPC, the prior approach, and the suggested technique 
are depicted in Fig. 6. Fig. 6 illustrates that the stator current frequency 
is approximately 100 Hz, with a stable speed of 2000 r/min. The 𝑑-

axis current is close to 0 A, while the 𝑞-axis current measures around 
12.8 A. Analyzing the current ripple, the RMSE values for the 𝑑-axis 
current across the standard, prior, and suggested approaches are 0.33, 
0.31, and 0.32, respectively. For the 𝑞-axis current, the RMSE values are 
0.27, 0.26, and 0.3 respectively. Therefore, the three control strategies 
exhibit slight variation in the 𝑑𝑞-axis current ripples. The conventional 
FCS-MPC yields the smallest stator current ripples, as it explores all pos-

sible switching states during each optimization cycle, enabling more 
precise control of the output voltage. Although the proposed method 
exhibits slightly higher current ripples under identical sampling con-

ditions, it offers considerable potential for enhancement. Its reduced 
computational complexity allows for a shorter sampling period, which 
in turn improves the current ripple performance. In contrast, the pre-

vious method demonstrates the poorest steady-state behavior in stator 
currents, primarily due to NP voltage imbalance. This imbalance arises 
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Fig. 5. Flowchart illustrating the control algorithm for both the conventional FCS-MPC and the proposed strategy. 

from the use of medium voltage vectors, which fail to regulate the NP 
voltage effectively, leading to increased current distortion. As depicted 
in Fig. 6, the three control techniques demonstrate a strong ability to 
track the reference speed. The traditional approach has a total harmonic 
distortion (THD) of 0.68%, while the prior method has a THD of 0.84%, 
and the offered strategy has a THD of 1.03%.

To highlight the broad applicability of the strategy, a comparison 
of the THD among the three control techniques was performed under 
the same load at different speeds of 2000, 1000, and 500 rpm, as pre-

sented in Fig. 7. The suggested approach exhibits a better THD in stator 
current compared to the prior method during low-speed operations. 
This situation arises because the imbalance in the NP voltages nega-

tively impacts the control performance of the previous technique. When 
evaluated against traditional FCS-MPC, the proposed technique demon-

strates comparable performance, accompanied by a minor increase in 
THD. Although the proposed technique does not outperform the tra-

ditional approach regarding THD, it is considered to comply with the 
standards outlined in the IEEE 519 guideline. Additionally, its perfor-

mance can be enhanced by decreasing the sampling time, which helps 
reduce the computational load and eradicates the requirement to se-

lect an optimal weighting factor for the optimization criterion. Fig. 8
illustrates the mechanical rotor speed and the DC-link capacitor voltage 

behavior for all three control techniques operating at 500 rpm. The ear-

lier approach fails to equalize the capacitor voltages, primarily due to 
the influence of the medium vector voltage. This inadequacy may result 
in complications such as heightened harmonic distortion, diminished 
output quality, and the risk of damage to capacitors and switching com-

ponents. In 8(f), it is evident that the voltages across the capacitors are 
well-balanced, with each voltage equating to half of the DC-bus volt-

age, facilitated by the suggested technique. This outcome affirms the 
design’s validity and highlights the success of the suggested NP voltage 
balancing control.

4.2. Dynamic response

The second case explores the recommended approach by varying the 
rotor speed from 0 to 1500 rpm at 0.2 s, followed by a reduction to 
500 rpm at 0.5 s, as depicted in Fig. 9(a). Meanwhile, the torque is in-

creased from 0 to 10 Nm at 0.4 s. The PMSM begins from a stationary 
position, accelerates to 1500 rpm within 0.12 seconds, maintains that 
speed for approximately 0.3 seconds, and then initiates braking, with 
the deceleration phase lasting around 0.07 seconds. The recommended 
approach demonstrated remarkable speed tracking capabilities, exhibit-

ing a rapid and seamless response that is on par with the two controllers 
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Fig. 6. Performance analysis of three control methods in a steady state: (a-c) Torque and speed of conventional, prior and proposed methods, (d-f) Three-phase 
stator current of conventional, prior and proposed methods, (g-i) Stator current in 𝑑𝑞 axis of conventional, prior and proposed methods, (j-l) FFT of stator current of 
conventional, prior, and proposed methods.

Fig. 7. Analysis of THD at various motor speeds. 

illustrated in Fig. 9(b). Fig. 9(c) presents the inverter output voltage as-

sociated with the proposed method. As illustrated in Figs. 9(d), 9(e) and 

9(f), the dynamic characteristics of DC-link capacitor voltages are ana-

lyzed for three methods. It is clear that the previous technique does not 
effectively equalize the capacitor voltages at low speeds. In contrast, 
the offered strategy successfully assures voltage balance among the ca-

pacitors under all operating conditions. The three-phase stator currents 
associated with the three control approaches are depicted at the bottom 
of Fig. 9(a). As the speed reference increases to 1500 rpm, the rise in sta-

tor current generates forward torque, enabling the motor to accelerate. 
Analysis of the dynamic results reveals that the three methods exhibit 
almost identical performance in terms of speed and stator currents.

The final scenario evaluates the system’s response when subjected to 
a sudden change in torque levels. In this case, the torque rises from 0 
to 10 Nm at 0.3 s and drops back to 0 at 0.4 s, while the rotor speed 
is held constant at 1500 rpm. As demonstrated in Fig. 10, the 𝑞-axis 
stator current experiences a fast reaction, while the 𝑑-axis current ex-

hibits minor fluctuations near its reference value of 0 A. When the load 
is applied, the q-axis current requires 7 ms to track the reference of 
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Fig. 8. Steady-state behavior of the rotor speed and DC-link capacitor voltages associated with three control strategies: (a) Rotor speed of conventional method, 
(b) Rotor speed of prior method, (c) Rotor speed of proposed method, (d) Capacitor voltages of conventional method, (e) Capacitor voltages of prior method, (f) 
Capacitor voltages of proposed method.

Fig. 9. Comparative performance evaluation of three control strategies under dynamic operating conditions: (a) Speed response of three methods, (b) Magnified 
view of speed response for the three methods (c) Inverter voltage of proposed method, (d) Capacitor voltage of conventional method, (e) Capacitor voltage of prior 
method, (f) Capacitor voltage of proposed method, (g) Stator current of conventional approach, (h) Stator current of prior approach, (i) Stator current of proposed 
approach.
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Fig. 10. Comparison of the effectiveness among three control strategies during a step change in load torque: (a) Torque of conventional method, (b) Torque of prior 
method, (c) Torque of proposed method, (d) Zoom of torque of conventional method, (e) Zoom of torque of prior method, (f) Zoom of torque of proposed method, 
(g) Stator current in 𝑑𝑞 axis of conventional method, (h) Stator current in 𝑑𝑞 axis of prior method, (i) Stator current in 𝑑𝑞 axis of proposed method.

Table 6
A performance comparison involving three different control approaches.

Mechanical speed step
𝜔∗
𝑚

= 0 → 1500 (rpm) 
Conventional 
method

Prior 
method

Proposed 
method

Rise time (s) 0.12 0.12 0.12

Settling time (s) 0.123 0.123 0.123

RMSE of d-axis stator current (%) 0.33 0.31 0.32

RMSE of q-axis stator current (%) 0.27 0.26 0.3

THD of stator current (%) 0.68 0.84 1.03

Weighting element determination 
of capacitor voltages

Required Not 
required

Not 
required

Impact of medium voltage on the 
capacitor voltages balancing

Considered Not con-

sidered

Considered

12.69 A. Simultaneously, the torque from the proposed method reaches 
a steady state at approximately 7.2 ms. In comparison, the d-axis sta-

tor current stabilizes at 5 ms following a change in load torque from 10 
to zero. The simulation results indicate that the dynamic performance 
of the three approaches shows negligible differences when subjected to 
a step change in load. Table 6 summarizes the comparative analysis of 
the three control methods as well as demonstrates the superiority of the 
proposed strategy in all motor operating scenarios.

4.3. Processor-in-loop assessment

This section outlines the use of Processor-in-loop (PIL) validation to 
evaluate the feasibility of the offered methodology employing a DSP 
controller TMS320F28379D [35,36]. The C2000 microcontroller was 
developed as a PIL virtual platform to support the verification of the pro-

posed scheme and to analyze simulation results. Within this framework, 
the PIL setup is employed to simulate the conduct of the controlling 
system components-particularly the power circuit, which includes the 
PMSM and the 3L-NPC inverter using the SimPowerSystems toolbox. 
The control algorithm under evaluation is deployed on the DSP for 
real-time testing. Virtual serial transmission enables seamless interac-

tion between the host system and the physical controller. The 3L-NPC 
inverters, associated with the PMSM, convey their measured signals to 
the DSP board. The controller analyzes these measured values to deter-

mine the optimal switching signals, which are subsequently transmitted 
back to the physical system. Fig. 11 illustrates the key features and signal 
paths involved in the PIL emulator for the offered strategy. Fig. 12 illus-

trates the results of the PIL verification for the suggested strategy. This 
figure depicts a scenario where the target rotor speed ranges from 500 to 
1500 rpm over a duration of 0.2 seconds, while a load torque of 10 Nm 
is introduced at 0.4 seconds. It is evident that the suggested approach 
offers a quick dynamic reaction and maintains effective steady-state 
performance during sudden variations in speed and load. The results 
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Fig. 11. The schematic representation of PIL emulator for the outlined strategy. 

Fig. 12. The interactive response of the introduced technique assessed via PIL verification: (a) Rotor speed, (b), Torque, (c) Stator current in 𝑑𝑞 axis, (d) Stator 
current in 𝑎𝑏𝑐 frame, (e) DC-bus capacitor voltages, (f) FFT of stator current.

demonstrate that the THD of the stator current is consistently main-

tained at less than 5%. Furthermore, the DC-bus voltage remains stable 
throughout the operation, with the maximum observed oscillation not 
exceeding 6 V, as shown in Fig. 12(e). It is fundamental to recognize 
that the stator current signals in the 𝑑𝑞 axis obtained from the PIL setup 
display higher ripple levels compared to those from high-fidelity simu-

lations. In comparison to the simulation, the RMSE of the 𝑑-axis stator 
current increased from 0.32% to 0.49%, while the RMSE of the 𝑞-axis 
stator current increased from 0.30% to 0.43%. These differences primar-

ily stem from real-world components and limitations inherent in the PIL 
framework, which can introduce minor discrepancies between PIL and 
simulation outcomes. However, the control performance of the proposed 
approach can be enhanced in real systems by utilizing a more powerful 
processor, such as an FPGA. The strong correlation between the PIL and 
simulation results confirms the real-world applicability of the proposed 
method. This study presents a streamlined strategy for implementing 
FCS-MPC in 3L-NPC inverters, featuring a DC-link voltage self-balancing 
mechanism and reduced computational complexity. The control algo-

rithm is implemented in a C file, making it straightforward to deploy on 
the DSP for real-time system operation. These findings could contribute 
to the development of a viable control methodology for PMSMs pow-

ered by multilevel inverters in high-power applications such as electric 
vehicles or industrial drives.

5. Conclusions

This research presents a scheme-oriented FCS-MPC framework for 
speed control in 3L-NPC inverter-fed PMSM systems. The importance 
of the study lies in the integration of an efficient FCS-MPC strategy 
designed to reduce computational complexity, ensure self-balancing of 
DC-link voltages, and mitigate the influence of medium voltage vectors 
on the NP voltage. This methodology unfolds in two distinct phases. 
Initially, it employs the inverter operating states of a P-type small vec-

tor. Medium voltage vectors are derived from two suitable small vectors 
before the rolling optimization phase, which helps to minimize com-

putational demands through an iterative loop of 17 feasible switching 
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states. In conclusion, the optimal gate signals are implemented to the 
3L-NPC inverter by merging the most effective switching states iden-

tified during the optimization loop with the proposed self-balancing 
mechanisms for small vectors. The advanced strategy delivers stable 
and dynamic conditions on par with conventional FCS-MPC, exhibiting 
similar settling times of rotor speed, current ripple, and THD of stator 
current, while achieving a 30% reduction in computational expenses. In 
contrast to the prior method, the offered algorithm ensures that capaci-

tor voltage remains balanced across all operating conditions, including 
low-speed scenarios. This enhancement leads to a 49.8% reduction in 
the THD of the stator current from 2.72% to 1.14% at 500 rpm by ef-

fectively compensating for the influence of the medium voltage vectors. 
The findings of this study may support the development of an efficient 
and practical control strategy for PMSMs powered by multilevel invert-

ers, especially in high-power applications such as electric vehicles and 
industrial drives. Future work will focus on experimentally validating 
the proposed method and extending it to direct model predictive speed 
control, with the goal of improving dynamic performance and ensuring 
robust operation under real-world conditions.
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