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ABSTRACT 

This paper proposes a delay-aware Finite Control Set Model Predictive Current Control (FCS-MPCC) for 

surface-mounted Permanent Magnet Synchronous Motor (PMSM) drives. The computation and actuation 

latency cause the measured current used for prediction to deviate from the actual regulated current at the 

switching moment, thereby impairing voltage-vector selection and elevating harmonics. To resolve this 

issue, the delay time is assessed, and the current deviation is reconstructed using the discrete PMSM 

model. The reconstructed current is then utilized as the initial state for prediction in each sampling 

interval. Comparative simulations of a 1.5 kW two-level inverter-fed PMSM drive demonstrate that the 

proposed method decreases stator-current THD from 14.2% (SS-MPCC) and 9.9% (DS-MPCC) to 7.3%. 

It also reduces torque ripple from 6.5 Nm and 4.4 Nm to 2.4 Nm, respectively, while enhancing transient 

and speed-reversal performance. 

Keywords-model predictive current control; permanent magnet synchronous motor; compensation; time delay; 

torque ripple 

I. INTRODUCTION  

Permanent Magnet Synchronous Motors (PMSMs) are 
utilized in industrial drive systems due to their compact 
dimensions, elevated power density, superior efficiency, and 
low rotor inertia [1, 2]. Common applications encompass 
electric vehicles and servo drives [3], which necessitate low 
current harmonics, precise steady-state tracking, and rapid 
transient response. 

Model Predictive Control (MPC) has attracted interest for 
PMSM drives because of its rapid dynamics, straightforward 
control architecture, and ability to handle constraints [4-6]. 
During each sampling interval, the controller assesses the 

potential inverter voltage options using a discrete prediction 
model and a cost function that measures the tracking error; the 
voltage-vector that minimizes the cost is subsequently 
implemented in the following control cycle. 

Predictive control for PMSM drives has been formulated in 
various modalities, including Model Predictive Flux Control 
(MPFC) [7, 8], Model Predictive Speed Control (MPSC) [9, 
10], Model Predictive Torque Control (MPTC) [11, 12], and 
Model Predictive Current Control (MPCC) [13, 14]. Among 
them, MPCC is utilized to optimize current tracking, diminish 
torque ripples, and augment transient performance. 
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In Finite Control Set Model Predictive Current Control 
(FCS-MPCC) [15, 16], the controller predicts the stator current 
at the next sampling instant using the measured current, the 
PMSM model, and the discrete voltage-vectors of the Voltage 
Source Inverter (VSI). The cost function is computed for each 
candidate vector, and the optimal switching state that yields the 
minimum current-tracking error is applied in the following 
cycle, providing fast response and accurate current regulation. 

However, FCS-MPCC necessitates online calculation, 
resulting in a temporal delay between current measurement, 
prediction, and VSI actuation. Consequently, the current 
employed for initializing predictions may diverge from the 
actual regulated current, resulting in the selection of an 
inefficient switching state, heightened current harmonics, and 
torque ripple. 

To address this issue, double-step MPCC forecasts over two 
sample periods, whereas alternative methods adjust for delay 
according to sampling principles [17, 18]. Alternative methods 
offer delay compensation based on sampling principles [19, 
20]. While effective, these methods are either unsuitable for all 
situations or exacerbate computing demands. Consequently, 
improved delay compensation for MPCC remains necessary to 
optimize PMSM performance. 

This paper proposes a precise model of predictive current 
control with delay compensation. The delay from the start of 
the current prediction to the selected voltage-vector execution 
is analyzed, and the deviation between the measured current 
and the actual controlled current is estimated from the PMSM 
model. The resulting compensated current is then used as the 
initial state of the prediction, enabling more reliable optimal 
voltage-vector selection. The performance is evaluated using 
transient indices and harmonic/torque metrics to quantify both 
dynamic and steady-state improvements [21]. The main 
contributions of this work are: 

1. An in-depth examination of control-loop delay that 

clarifies the source of the prediction-measurement 

mismatch and its influence on VSI switching decisions.  

2. A framework for delay-time computation and an associated 

current compensation formulation derived from the PMSM 

model, along with the proposed delay-compensation 

system. 

3. Integration of the delay-compensated current into the 

MPCC cost function to determine the optimal control 

voltage vector in the following control cycle. 

4. Comprehensive simulation comparisons that illustrate 

enhanced steady-state and dynamic performance of PMSM 

drives utilizing the proposed technique.  

II. THEORETICAL BACKGROUND 

A. Voltage Source Inverter 

A two-level three-phase VSI supplies the PMSM, as shown 
in Figure 1(a). The VSI consists of a DC link and six power 
semiconductor switches and generates a finite set of stator 
voltage-vectors required for PMSM drives [22].  

It produces six active and two zero voltage space vectors 

corresponding to the switching states ��, ��, ��, ��� , ��� , ��,���  as 

illustrated in the space-vector diagram in Figure 1(b). This 
finite voltage-vector set forms the basis of FCS-MPCC, where 
all candidate vectors can be evaluated online during each 

sampling period. For clarity, �� ∈ 
0,1
  indicates the 

lower/upper switch state of phase � ∈ 
�, �, �
. 

 

 

Fig. 1.  The two-level VSI: (a) VSI topology for PMSM and (b) output 

voltage-vectors generated by the VSI. 

The �� -axis components of the inverter output voltage-
vector, obtained from the switching states and the electrical 
angle ��, can be written as:  

����� � � �� ��� . � ����� ��� !�� " �#� $ ��� !�� % �#� $ "�&'�� "�&'!�� " �#� $ "�&'!�� % �#� $ ( )�*�+�� , (1) 

where ��  and ��  denote the stator voltages in the ��-axis, ��  is 

the electrical angular position, and ���  is the voltage supplying 
the VSI. 

B. PMSM Mathematical Model 

The PMSM electrical dynamics in the rotating �� reference 
frame are described by: 

- �./�0 � " 123/ &� % 4� 353/ &� % 63/ ��                     
�.5�0 � " 1235 &� " 4� 3/35 &� % 635 �� " 4� 7835       (2) 

where &�  and &�  are the stator currents, 9:  is the stator 

resistance, ;�  and ;�  are the �� -axis inductances, 4�  is the 

electrical angular speed, and <= is the permanent-magnet flux 

linkage. 
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The electromagnetic torque is given by (3). For a Surface-
mounted PMSM (SPMSM), ;� ≈ ;�, and the torque is mainly 

governed by &�; therefore, improving current tracking in the �-

axis directly reduces torque ripple [23]. 

?� � �� @A<�&� " <�&�B    (3) 

where @  is the pole pairs, and <� , <�  are the stator flux 

components along the ��-axis.  

The torque equilibrium equation on the motor shaft is given 
by: 

?� " ?3 � C �DE�0 % FG4G   (4) 

where the load torque is ?3 , C and FG are the moment of inertia 
and the friction coefficient of the rotor, respectively, 4G 
denotes the mechanical angular speed of the rotor, and 4� � @4G. 

C. The Single-Step MPCC (SS-MPCC) 

According to [24], in MPCC using the Euler 
approximation, the discrete ��-axis currents are predicted as: 

&�H!I % 1$ � J1 " 12K23/ L &�G !I$  %  4�!I$ 35K23/ &�G!I$
                                             % K23/ �� !I$

&�H!I % 1$ � "4�!I$ 3/K235 &�G !I$ % M1 " 12K235 N &�G!I$
% K235 �� !I$ " 4�!I$ 78K235

 (5) 

where I is the present instant,  &�G!I$ and &�G!I$ are the stator 

measured currents at I0O instant, ?: is the sampling period, and &�H!I % 1$  and &�H !I % 1$  represent the �� -axis predictive 

currents at the next instant. 

The single-step MPCC for PMSM drives based on the cost 
function evaluates the tracking error between the predictive 
currents and the reference currents [25]: 

P6 � Q&�∗ " &�H!I % 1$S� % Q&�∗ " &�H!I % 1$S�
 (6) 

At each sampling period, the cost function is computed for 
all candidate voltage-vectors, and the vector that minimizes the 
objective function is applied in the next cycle (Figure 2(a)). 

Accordingly, SS-MPCC regulates the stator current in the 
following cycle, improving steady-state current quality and 
torque behavior. 

D. The Double Step MPCC (DS-MPCC) 

Double step MPCC is introduced to reduce the mismatch 
between the measured current used for prediction and the 
actual controlled current caused by computation delay. 

As depicted in Figure 2(b), the voltage-vector computed at TU  is applied during the part of the !I % 1$0O and the initial part 

of !I % 2$0O cycle, so the one-step optimal choice may become 
suboptimal. Therefore, DS-MPCC selects the voltage-vector by 
considering current tracking over two future sampling instants. 

The two-step MPCC is described in [18]. &�H!I % 2$ and &�H!I % 2$ are the predicted currents at the !I % 2$0O instant, 

as shown in: 

⎩⎪⎪
⎨
⎪⎪⎧

&�H!I % 2$ � J1 " 12K23/ L &�H!I % 1$ %
4�!I % 1$ 35K23/ &�H!I % 1$ % K23/ ��!I % 1$    
&�H!I % 2$ � "4�!I % 1$ 3/K235 &�H!I % 1$ %

M1 " 12K235 N &�H!I % 1$ % K235 ��!I % 1$ " 4�!I % 1$ 78K235

 (7) 

The predictive voltages at !I % 1$0O instant are given by: 

[��!I % 1$��!I % 1$\ � �� ��� . ]. )�*�+��
,   (8) 

where: ]    �
� ����� !I % 1$ cos !��!I % 1$ " �#� $ cos !��!I % 1$ % �#� $ "�&'��!I % 1$ "�&'!��!I % 1$ " �#� $ "�&'!��!I % 1$ % �#� $ ( (9) 

Because the rotor inertia is large, the electrical angular 
speed can be assumed to be constant over one step, 4�!I %1$ � 4�!I$. The predicted electrical angle is given by: ��!I % 1$ � ��!I$ % 4�!I$. ?:   (10) 

The objective functions of the double step MPC of PMSM 
are described using [26]: 

P� � [J&�∗ " &�H!I % 1$L� % J&�H∗ " &�H!I % 1$L�\
       % [J&�∗ " &�H!I % 2$L� % J&�H∗ " &�H!I % 2$L�\ (11) 

Equation (11) is evaluated for the eight voltage vectors, and 
the vector that yields the minimum cost is applied in the next 
sampling period. 

III. PROPOSED CURRENT DELAY COMPENSATION 

MPCC TECHNIQUE (DCC-MPCC) 

The proposed DCC-MPCC adjusts the initial current used 
in prediction to match the actual controlled current, ensuring 
that the optimal voltage-vector for the next control cycle is 
selected through the minimum objective function. This section 
analyzes the computation delay in MPCC and derives a current 
compensation method, followed by the control diagram and 
implementation flowchart. 

A. Delay Time Analysis and Current Compensation 

Figure 3 illustrates the principle of the proposed delay-
compensated MPCC. First, the delay time TDT-DTD between 
the current sampling and the execution of the newly selected 
voltage-vector is estimated. Then, the measured current is 
compensated before being used to initialize the prediction. The 
delay is assumed constant within one sampling period, and the 
current variation over the short interval is approximated as 
linear. 
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Fig. 2.  MPCC's current trajectory: (a) ideal current of SS-MPCC and (b) actual current of SS-MPCC.     

 

Fig. 3.  Proposed DCC-MPCC implementation: (a) delay calculation and (b) delay current compensation.  

As shown in Figure 3(a), the prediction computation 
introduces a delay time ?a  in applying the selected voltage-
vector. Therefore, the previous switching state remains active 
during the next control cycle; so, the measured current differs 
from the actual controlled current. The resulting prediction 

measurement mismatch is expressed by (12)–(13), where b6 

and b�  represent the current variations associated with the !I " 1$cd and !I " 2$cd intervals, respectively:  b&!I$ � &�G!I$ " &�H!I$   (12) 

On the other hand, b&!I$ can be described as: b&!I$ � b6 % b�    (13) 
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where b6, b�  denote the changes of the predictive and actual 

currents at the !I " 1$cd and the !I " 2$cd time, respectively. 
The b6  and b�  components are calculated as detailed in the 
zoomed areas in Figures 4(a) and 4(b): 

b6 � KeK2 f&�G!I " 1$ " &�H!I$g   (14) 

b� � KeK2 f&�G!I " 2$ " &�H!I " 1$g  (15) 

Equations (14) and (15) compute b6 and b� using the linear-
variation assumption, which leads to the delay-time estimation 
in: 

?a � f.5E!U$h.5i!U$g.K2f.5E!Uh�$h.5i!Uh6$gjf.5E!Uh6$h.5i!U$g  (16) 

The compensated current at time I  is then obtained as 
shown in (17), and the compensated currents are used to 
initialize the prediction in (18) instead of directly utilizing the 
measured currents. This reduces prediction errors caused by 
computation delays and improves voltage-vector selection 
despite latency: &��!I$ � &�k!I$ � &�G!I$ " b6   (17) 

The predictive ��-axis currents of the proposed MPCC are 
calculated as: 

⎩⎪⎨
⎪⎧&�Hl � J1 " 12K23/ L &��!I$ % 4�!I$ 35K23/ &��!I$ % K23/ ��!I$

&�Hl � "4�!I$ 3/K235 &��!I$ % M1 " 12K235 N &��!I$
% K235 ��!I$ " 4�!I$ 78K235

 (18) 

B. Procedure of the Proposed DCC-MPCC Strategy 

With the delay estimation and the current compensation 
scheme, the DCC-MPCC procedure at time I is: 

 Convert the measured three-phase currents !&*, &+ , &�$ into 

the ��-axis currents Q&�, &�S using Park transformation. 

 Estimate ?a  and compute the compensated currents !&�� , &��$. 

 Predict the next-step currents using the compensated 
currents and the Euler approximation. 

 Evaluate the objective function for all candidate voltage- 
vectors and select the vector with the minimum cost to be 
applied in the next cycle. 

 Apply the corresponding switching state to the VSI to drive 
the PMSM. 

The above procedure is implemented by the control 
diagram and flowchart depicted in Figures 5 and 6. The 
proposed approach is evaluated using the MATLAB/Simulink 
model illustrated in Figure 7. 

 

Fig. 4.  Computing the difference between the predicted current and the 

actual current : (a) δ1 component at t(k-1) and (b) δ2 component at t(k-2). 

 

 

Fig. 5.  Control diagram of the proposed DCC-MPCC algorithm. 

IV. SIMULATION RESULTS AND ANALYSIS 

This section benchmarks SS-MPCC, DS-MPCC, and the 
proposed DCC-MPCC using the same PMSM drive model and 
an identical operating profile to ensure a fair comparison. All 
controllers use the same PMSM/inverter parameters in Table I, 
the same reference signals, and the same candidate voltage-
vector set; the only difference lies in how the prediction is 
initialized in the presence of computation/actuation delay. 

The test profile is as follows: the motor accelerates from 
standstill to 94 rad/s under a 15 Nm load, the load steps to 20 
Nm at 0.2 s and to 5 Nm at 0.25 s, the speed command drops to 
30 rad/s at 0.35 s, and the motor reverses at 0.45 s. 
Performance is evaluated in terms of speed/torque transient 
indices, phase and dq-axis current quality, torque ripple, 
current THD, and computational burden. 
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Fig. 6.  Flowchart of the proposed DCC-MPCC algorithm. 

TABLE I.  PMSM DRIVE SYSTEM PARAMETERS 

Parameters Symbol Value Unit 

Rated speed nr 900 rpm 

Rated power Pr 1.5 kW 

Rated Torque Tr 16 Nm 

Pole pairs p 4  

d-axis inductance Ld 0.00097 H 

q-axis inductance Lq 0.00097 H 

Stator resistance  Rs 0.11 Ω 

Permanent magnet 

flux linkage 
f 0.1119 Wb 

Viscous friction  Bm 0.0002024 N·m·s 

DC-link voltage Udc 460 V 

Total inertia J 0.0016 kg·m2 
 

A. Comparative Analysis under the Transient Condition 

For the transient comparison in Figure 8, four scenarios are 
considered: start-up, overload at 0.2 s, underload at 0.25 s, and 
deceleration to 30 rad/s at 0.35 s. Speed, torque, and phase 
current responses are compared. In Figure 8, all methods track 
the reference speed with similar steady-state accuracy, but 
slight differences appear during start-up, and the speed drops at 
0.35 s. During start-up (in zoom-in 1), SS-MPCC reaches 115 
rad/s and dips to 88 rad/s, DS-MPCC reaches 113 rad/s and 
dips to 89 rad/s, whereas DCC-MPCC shows the smallest 
deviation (110 rad/s max, 92 rad/s min). When the reference 
speed decreases to 30 rad/s at 0.35 s, the minimum speed drops 
to 7.7 rad/s (SS-MPCC), 9.2 rad/s (DS-MPCC), and 11.9 rad/s 
(DCC-MPCC) in the zoomed view, indicating that DCC-
MPCC limits the speed dip more effectively. Table II 

summarizes the OS (overshoot), US (undershoot), and PS 
(preshoot) indices. 

TABLE II.  PMSM SPEED RESPONSE 

Methods 
Start-up Decelerating at 0.35 s 

OS (%) US (%) PS (%) US (%) PS (%) 

SS-MPCC 22.3 6.4 2.6 74 0.9 

DS-MPCC 20.2 5.3 2.4 69 1.0 

DCC-MPCC 17.0 2.1 2.1 60 0.7 

TABLE III.  PMSM TORQUE PRESHOOT (%) 

Methods Starting up 
Overload change 

at 0.2 s 

Underload 

change at 0.25 s 

SS-MPCC 26 64 26 

DS-MPCC 20 40 17 

DCC-MPCC 13 26 13 
 

Torque tracking, as presented in Figure 8, confirms that all 
controllers meet the demanded torque, but DCC-MPCC 
reduces torque fluctuation in both transient and steady-state 
operation. Table III shows that DCC-MPCC yields the smallest 
torque preshoot during acceleration, load increase (0.2 s), and 
load decrease (0.25 s). The starting torque values are 33.7 Nm 
for SS-MPCC and DS-MPCC, and 32.8 Nm for DCC-MPCC 
(in zoom-in 3). During the sudden deceleration at 0.35 s (in 
zoom-in 4), the undershoot torques are −19.4 Nm (SS-MPCC), 
−17.4 Nm (DS-MPCC), and −17.3 Nm (DCC-MPCC). The 
reduced oscillation after load steps further indicates the 
advantage of DCC-MPCC for fast and stable PMSM drives. 

Phase current waveforms are similar across methods, but 
DCC-MPCC slightly reduces peak currents during transients. 
The start-up current is 48.8 A for DCC-MPCC compared to 
50.2 A for SS-MPCC/DS-MPCC (in zoom-in 5). Under 
overload, the phase currents are 34 A (SS-MPCC), 33 A (DS-
MPCC), and 32 A (DCC-MPCC). When the load is reduced (in 
zoom-in 6), the current overshoot values are 27 A, 24.4 A, and 
21.2 A, respectively. 

Overall, DCC-MPCC reduces key transient indices 
(overshoot, undershoot, and preshoot) of speed, torque, and 
phase current compared to SS-MPCC and DS-MPCC. 

B. Comparative Analysis under the Steady-State Condition 

Under steady-state (94 rad/s, 15 Nm), the three methods are 
compared using the indicators provided in Figures 9-11. Figure 
9 demonstrates that DCC-MPCC achieves the best current 
quality. SS-MPCC exhibits distorted phase currents (−26.1 A-
25.8 A) with a THD of 14.2%, DS-MPCC improves THD to 
9.9% (−25.6 A-25.2 A), whereas DCC-MPCC produces nearly 
sinusoidal currents (±24 A) with a THD of 7.3%. The spectra 
confirm that the proposed method suppresses harmonics more 
effectively. Figures 10 and 11 indicate that improved current 
tracking directly reduces torque ripples. The dq-axis current 
amplitudes are about 10 A (SS-MPCC), 6.6 A (DS-MPCC), 
and 3.8 A (DCC-MPCC). Accordingly, the torque ripple 
amplitudes are 6.5 Nm (SS-MPCC), 4.4 Nm (DS-MPCC; 32% 
lower than that of SS-MPCC), and 2.4 Nm (DCC-MPCC; 63% 
lower than that of SS-MPCC and 46% lower than that of DS-
MPCC). DCC-MPCC also keeps torque closer to the 15 Nm 
reference. 
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Fig. 7.  Tested Simulink simulation of the proposed DCC-MPCC algorithm.

 

Fig. 8.  Comparative results of three different control strategies under the transient condition.

These steady-state results confirm that delay compensation 
in MPCC significantly reduces the current THD and 
electromagnetic torque ripples, yielding the most stable 
response among the three strategies. 

C. Comparative Analysis under the Reversal Condition 

During reversal, the motor operates at 30 rad/s with a 5 Nm 
load, then reverses at 0.45 s and settles at a reverse speed of 40 
rad/s. Figure 12 compares speed, torque, and phase current 
responses during this transition. 
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Fig. 9.  Phase currents and current THD performances for the three 

different control strategies: (a) SS-MPCC, (b) DS-MPCC, and (c) DCC-

MPCC. 

 

 

Fig. 10.  Electromagnetic torque responses under the three different control 

strategies. 

In Figure 12(a), all control methods complete reversal 
quickly, but DCC-MPCC shows the smallest speed deviation. 
During 0.451-0.453 s, SS-MPCC and DS-MPCC undershoot to 
approximately −58 rad/s and −56 rad/s, whereas DCC-MPCC 
limits it to −53 rad/s, indicating smoother low-speed reversal. 

Figure 12(b) shows that DCC-MPCC improves torque 
tracking during reversal, with a smaller undershoot of −19 Nm 
compared to −20.2 Nm (SS-MPCC) and −20 Nm (DS-MPCC). 
In Figure 12(c), the peak phase current is 27 A for DCC-MPCC 
compared to 29 A for SS-MPCC and DS-MPCC. 

Therefore, DCC-MPCC provides slightly better speed, 
torque, and current behavior under reversal operation. 

 

 

Fig. 11.  Current performance of the three control strategies: (a) q-axis 

current component and (b) d-axis current component. 

 

 

Fig. 12.  Comparative results under reversal conditions: (a) speed, (b) 

electromagnetic torque, and (c) phase current performances. 
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D. Sensitivity Analysis 

This sensitivity analysis compares torque control quality. 
Specifically, the performance is evaluated using torque errors, 
namely Integral Time Absolute Error (ITAE), Integral 
Absolute Error (IAE), and Integral Square Error (ISE), and 
computational burden metrics (self-time, execution time per 
step, and operation count), as displayed in Figure 13. 

The evaluation indicators IAE, ITAE, and ISE are 
determined using: 

mno �  p |r!T$|�T0s     (19) 

m?no �  p |r!T$|T�T0s     (20) 

m�o �  p r�!T$�T0s     (21) 

In Figure 13(a), DCC-MPCC yields the smallest torque-
error indices (IAE=0.7, ITAE=0.2, ISE=4.6), whereas SS-
MPCC shows the largest errors (IAE=1.1, ITAE=0.4, 
ISE=5.6), and DS-MPCC provides intermediate performance.  

According to Figure 13(b), SS-MPCC has the lowest self-
time (2 s) and call number (600,000), indicating the lightest 
online computational load. DS-MPCC requires slightly more 
resources (2.1 s; 1,200,000), and DCC-MPCC has the highest 
burden (7.2 s; 3,500,000). The execution time per step of DCC-
MPCC is 2 µs, slightly longer than that of DS-MPCC (1.8 µs), 
but still faster than that of SS-MPCC. 

 

 

Fig. 13.  Trade-offs between computational burden and control algorithm 

efficiency of the three strategies: (a) torque errors and (b) computing time. 

Overall, the analysis demonstrates a clear trade-off: SS-
MPCC is the most computationally efficient technique, 
whereas DCC-MPCC prioritizes performance at the expense of 
higher computational cost, with DS-MPCC serving as an 
intermediate compromise between the two. Future research 

aims to reduce the computational complexity associated with 
predictive modeling algorithms. 

The key metrics are outlined in Table IV. 

TABLE IV.  KEY METRICS  

Parameters SS-MPCC DS-MPCC DCC-MPCC 

Execution time 

per step (s) 
2.5 1.8 2 

Current THD (%) 14.2 9.9 7.3 

Iq deviation (A) 10 6.6 3.8 

Id deviation (A) 10 6.6 3.8 

Electromagnetic 

torque fluctuating 

amplitude (Nm) 

6.5 4.4 2.4 

IAE 1.1 0.9 0.7 

ITAE 0.4 0.3 0.2 

ISE 5.6 5 4.6 
 

V. CONCLUSIONS 

This work introduced a delay-compensated Finite Control 
Set Model Predictive Current Control (FCS-MPCC) for 
Permanent Magnet Synchronous Motor (PMSM) drives. The 
proposed method rectifies the initial state prediction and 
enhances voltage-vector selection under latency by calculating 
computation/actuation delay and reconstructing the current 
deviation. Simulation results validate reduced current 
harmonics and torque ripple (THD: 14.2%-7.3%; torque ripple: 
6.5 Nm-2.4 Nm), alongside enhanced transient and speed-
reversal responses. Future research will concentrate on: real-
time embedded implementation (DSP/MCU/FPGA) with code-
level optimization to minimize worst-case latency, high-
speed/field-weakening validation utilizing constraint-aware 
multi-objective cost design (tracking–loss–thermal), and 
robustness improvements under parameter uncertainty through 
online identification and disturbance observers. 
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