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Abstract: Field-Programmable Gate Array (FPGA) technology has emerged as a cost-
effective solution for implementing predictive controllers. Among these, Finite-Control-Set
Model Predictive Current Control (FCS-MPCC) has gained recognition as a powerful strategy
for permanent magnet synchronous motor (PMSM) drives due to its fast dynamic response and
capability to handle system constraints. However, practical implementation requires rigorous
verification prior to hardware deployment.This paper presents a co-simulation-based verification
framework that integrates Simulink with ModelSim to validate the FCS-MPCC algorithm
for PMSM drives at the Register-Transfer Level (RTL). The proposed approach combines
MATLAB/Simulink for system-level modeling and testbench generation with ModelSim for
cycle-accurate HDL simulation of the predictive controller. The framework enables early-
stage functional verification, facilitates the detection of implementation inconsistencies, and
supports improved consistency between control design and FPGA realization. Simulation
results demonstrate the feasibility and correctness of the proposed approach, highlighting its
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effectiveness as a verification stage prior to hardware implementation.

Keywords: FPGA, FCS-MPCC, PMSM Drives, Permanent magnet synchronous motor,

Co-Simulation.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) have
become the foundation of modern electric drive systems
thanks to their high power density, superior efficiency,
and excellent dynamic performance. These features make
PMSMs particularly suitable for applications such as
electric vehicles, renewable energy conversion, and high-
performance industrial automation (Quang et al. (2022);
Quang and Phuc (2026)). To fully exploit these advan-
tages, advanced control strategies are required to ensure
fast transient response, high steady-state accuracy, and ro-
bustness against parameter uncertainties. Among the con-
trol paradigms that have emerged in the past two decades,
Model Predictive Control (MPC)Model Predictive Control
(MPC), particularly the finite control set variant (FCS-
MPCQC), has attracted broad attention in both academia
and industry (Gang (2025); Hongfei Yang (2024)).

FCS-MPCC directly predicts motor current trajectories
for each feasible inverter switching state and selects the

* This research is funded by Hue University under grant num-
ber DHH2025-03-206. This work was partially supported by
Hue University under the Core Research Program, Grant No.
NCTB.DHH.2025.17.

optimal action by minimizing a cost function. Compared
with conventional field-oriented control (FOC) and direct
torque control (DTC), FCS-MPCC exhibits clear advan-
tages in transient dynamics, multivariable handling, and a
conceptually straightforward framework that avoids cas-
caded PI regulators and modulators. Numerous studies
have demonstrated these capabilities, emphasizing its abil-
ity to reduce current ripple, suppress torque pulsations,
and improve control accuracy under dynamic operating
conditions (Petkar et al. (2021); Morel et al. (2009, 2008);
Mwasilu et al. (2018); Wang et al. (2015)). Extensions such
as multi-vector methods, duty-cycle concepts, and cost-
function reformulations have been developed to enhance
steady-state quality, improve robustness, and simplify con-
troller design (Petkar et al. (2021); Peng and Yao (2023);
Siami et al. (2016); Sandre-Hernandez et al. (2018)).

At the same time, comparative research has systemati-
cally evaluated predictive control schemes against classical
approaches. For example, comparisons of predictive cur-
rent control (PCC), two-vector predictive control (2PC),
and predictive power control (PPC) reveal their charac-
teristic trade-offs in terms of accuracy, parameter sen-
sitivity, and inverter nonlinearities (Morel et al. (2009,
2008); Wang et al. (2015)). Other studies have contrasted
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FCS-MPCC with DTC, showing that predictive methods
achieve smaller overshoot and faster settling times while
maintaining flexibility in integrating system constraints
(Morel et al. (2008); Brosch et al. (2021)). Collectively,
these findings strengthen the position of FCS-MPCC as a
promising strategy for high-performance PMSM drives.

As a recent example, Gang (2025) embedded a finite-set
predictive current model regulator in the PMSM current
loop and adopted a matrix converter, showing overshoot-
free, 0.02 s settling and smoother torque versus vector con-
trol in MATLAB/Simulink. However, the study remained
at algorithm-level simulation, without cycle-accurate RTL
or FPGA-oriented co-simulation, leaving a gap our work
addresses.

Despite these advantages, several inherent limitations re-
main. A recurring issue is the computational burden of
enumerating and evaluating all switching states at each
sampling step. This not only raises hardware requirements
but also challenges real-time feasibility, particularly at
high switching frequencies. Another issue is parameter
sensitivity: predictive models strongly depend on machine
parameters such as stator resistance and flux linkage,
which vary with temperature and operating conditions.
Moreover, the variable switching frequency inherent in
FCS-MPCC complicates filter design and can reduce ef-
ficiency in some applications (Li et al. (2022); Wang et al.
(2017)). These challenges have motivated multiple im-
provements, ranging from multi-vector strategies to reduce
ripple (Petkar et al. (2021); Yang et al. (2023)), elimination
of weighting factors for simplified tuning (Peng and Yao
(2023)), to disturbance observers that enhance robustness
against parameter mismatch (Sathyamoorthy (2022)).

Another vibrant research stream focuses on FPGA-based
implementation, since field-programmable gate arrays pro-
vide the parallel processing capability needed for real-
time predictive algorithms. Several works report efficient
deployment using automated code generation tools such
as MATLAB HDL Coder (Purraji et al. (2025)), which
significantly shortens hardware prototyping cycles. Other
studies introduce architectural optimizations, such as re-
source sharing, pipelining, and simplified search strategies,
to reduce hardware footprint while sustaining high control
frequencies (Yang et al. (2023); Wendel et al. (2017);
Saeidi (2015); Ma et al. (2014)). For example, extended
MPC schemes with hundreds of vectors have been realized
on FPGA using simplified cost-function searches, achiev-
ing substantial reductions in current harmonic distortion
without compromising transient dynamics (Yang et al.
(2023)). More broadly, FPGA implementations confirm
that predictive control is feasible in real time, provided
that design workflows effectively bridge algorithm simula-
tion and hardware realization.

Nevertheless, these implementation-oriented studies ex-
pose a critical gap. Most works rely either on high-level
algorithm simulation in Simulink or on post-synthesis ver-
ification using HDL simulators, with few addressing their
integration. The absence of combined system-level mod-
eling and cycle-accurate Register-Transfer Level (RTL)
verification prior to synthesis creates risks: algorithm-level
validation alone may overlook hardware timing issues,
while RTL verification in isolation lacks system context.

As a result, design errors may propagate into FPGA pro-
totypes, leading to extended debugging, increased costs,
and longer development cycles.

To address this challenge, the present paper proposes
an efficient co-simulation framework integrating MAT-
LAB/Simulink and ModelSim for FPGA-oriented FCS-
MPCC controller verification. In this framework, Simulink
is used for PMSM system modeling, algorithm design, and
automated testbench generation, while ModelSim provides
cycle-accurate RTL simulation of the predictive controller.
This dual environment enables rigorous cross-verification:
the predictive algorithm is validated under realistic ma-
chine and inverter dynamics, while the HDL implementa-
tion is simultaneously checked for correctness and timing
consistency.

Compared with commonly used verification approaches
such as hardware-in-the-loop (HIL) and direct FPGA pro-
totyping, the proposed Simulink/ModelSim co-simulation
framework is intended for an earlier stage of controller ver-
ification. Unlike direct FPGA prototyping, the proposed
approach does not require immediate deployment on a
physical FPGA platform, which makes it more flexible
for early debugging and functional validation. Likewise,
unlike HIL-based validation, it is not aimed at evalu-
ating full closed-loop real-time interaction between con-
troller hardware and plant dynamics. Instead, the pro-
posed framework focuses on detecting logic-level mis-
matches and implementation inconsistencies at the RTL
stage before hardware-based validation. Therefore, the
proposed method should be viewed as a complementary
intermediate verification stage rather than a replacement
for HIL or direct FPGA prototyping.

Simulation results demonstrate the feasibility and accu-
racy of the FCS-MPCC controller and highlight the utility
of the co-simulation framework as a verification stage prior
to hardware deployment.

In summary, the primary contribution of this paper lies
in the proposed co-simulation methodology, which (i) pro-
vides a reliable platform for validating FCS-MPCC con-
trollers at the RTL level before FPGA synthesis, (ii) facil-
itates early-stage detection of implementation mismatches
and improves consistency between algorithm and FPGA
implementation, and (iii) bridges algorithmic simulation
and hardware deployment, supporting a smoother transi-
tion toward industrial applications of predictive control.

2. THE CONFIGURATION AND CORRESPONDING
DYNAMIC MODEL OF THE SYSTEM

2.1 Mathematical model of the system

The configuration of the PMSM drive system can be de-
picted in Fig. 1, which employs a two-level voltage source
inverter (2L-VSI). The corresponding voltage space vector
allocation is detailed in Fig. 2. As shown, the inverter
generates eight primary voltage vectors, comprising six
active vectors (u;—ug) and two zero vectors (ug and ur).

This research utilizes a surface PMSM characterized by
equal dg-axis inductance (Lgy = L, = L), leading to
the formulation of the dg-axis voltage expression for the
PMSM as follows:
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Fig. 1. The architecture of PMSM-based drive systems.
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Fig. 2. The spatial configuration of voltage vectors in a
2L-VSIL.
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where g, Usq, isq, and igq correspond to the voltage and
current elements on the dg axis, respectively. w. and 1)y
symbolize the motor’s electrical angular velocity and flux
linkage of the permanent magnet, respectively, while R
and Lg symbolize the resistance and inductance of the
stator.

Adjusting the d-axis stator current facilitates precise reg-
ulation of electromagnetic torque:

3 .
T, = §npwfzsq7 (2)

where n,, is the number of pole pairs.

The stator currents are calculated using equation (1), as
shown below:

d/ésd 1 s . .
dt = fusd - flsd + Welsq,

s s 3
disqg 1 R, . ) We " )
d L. Usq L. lsq — Welsd L. fs

where the stator voltages usq and us4 in the synchronously
rotating frame can be established via the Park’s transfor-
mation matrix in the following manner:

Usd Usq
Usq Usp |
Usc

Us0
cos (0) cos

= [P]

(0237r) cos<0+2;

2
[P]:§ sin (#) sin (9—?) sin (9—}—2;) )
1 1 1

in which 6 denotes the the electrical angular displacement
that corresponds to the rotor position.

Moreover, the two-level VSI generates the stator-winding
voltage (see Fig. 1). The expression is obtained by an-

alyzing the inverter’s switching states together with the
DC-link
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Ugq = V;C (25, — Sp — Se),

Ve
Usy = ; (2Sb — S, — Sc) 5 (5)
ty = v; (25, — Su — Sh).

where V. is the DC-bus voltage. Sy, Sy, S. represent the
switching status of the inverter leg in a three-phase 2L.-VSI
as:
g - 1 if upper switch” ON” (6)
* 71 0 if upperswitch” OFF”

Applying the explicit first-order integration method to
discretize equation (3) over the sampling duration T yields
the discrete-time representation of the pertinent model as
given:

iuall+ 1) = (1 - RsTS) (k) + Tutoe (R)ing (k)
—&-Z—Zusd(k),
i (7)
isg(k+1) = <1 - L) g (k) — Tywe (K)isa(k)
) = T ).

Due to the computational requirements of the model
predictive controller, it is unable to implement the best
switching state to the PMSM instantaneously following
sampling. Consequently, a one-step delay is inevitable.
Failure to compensate for this delay will result in a dete-
rioration of the controller’s performance. As a result, one-
step delay compensation is incorporated into the analysis.
Based on the motor’s current state and potential control
actions, the present measured value is utilized to execute
one-step prediction as per equations (4)-(7), yielding the
predicted value for time k+1, which serves as the estimated
value for the subsequent prediction. This allows for the
forecasting of the stator current at time k+2 in the future,
enabling the calculation of the corresponding error. By
applying the principle of minimizing the cost objective, the
best voltage vector required at time k+1 can be identified.
The prediction equation post one-step delay compensation
is presented as follows:

e (1_RSTS

S

)isd(k+ 1)

T
F+Twe(k + 1)isq(k+1) + f“Sd(k +1),

mT, "

S

T,
lsq(k+2) = (1 )z‘sq(k+1) + L—usq(k+1)

T
—Tswe(k+1)isa(k+1) — L—wfwe(k +1).

This research emphasizes rotor speed regulation with fast
dynamic reaction and minimal steady-state error. To meet
these objectives, conventional FCS-MPC approaches for
PMSMs employ a cascaded structure, consisting of an
outer speed loop regulated by a PI controller and an inner
stator current loop managed by a predictive controller.

The corresponding cost function, incorporating compen-
sation for computational delays, takes the following form:

9(uri1) = lita(k +2) —isalk +2)|

. . 2 )

Hli5g(k +2) —isg(k+2)]7,
where i},(k +2) and i}, (k +2) denote the desired dq-axis
stator current components predicted for the sampling step
k + 2. The second-order Lagrange extrapolation technique
can be utilized to accomplish these values as given:

isq(k +2) = 6ig,(k) — 8igy(k — 1) + 3igy(k — 2),
it (k4 2) = 607, (k) — 8%, (k — 1) + 37, (k — 2).

sq

(10)

The control variables of the PMSM drive uyq and ugs, are
generated from the array of switching states related to
the 2L-VSI S = [Sa,SmSC]T, where x is an element of
the set {a,b,c}. Each switch’s state S, is restricted to
a specific subset {0,1}. It is imperative to note that the
control stator voltage is bounded to a finite set {uo, ..., u7}.
Therefore, the realization of the optimal switching status
Sopt in PMSM systems employing a 2L-VSI is performed
by addressing the optimization task:

Sopt = argmin {9 (ur41)},

st. wugs1 € {ug, .. ur}, u; € {0, 1}3
9(uksr) = iZa(k +2) — isa(k +2)]°
||z, (k+2) —igg(k+2)|)?

(11)

3. SIMULINK/MODELSIM CO-SIMULATION AND
FSM IMPLEMENTATION

3.1 Simulink/Modelsim Co-simulation Method

The simulation of the PMSM drive with MPCC for
speed regulation is carried out through the integration
of Electronic Design Automation (EDA) tools, establish-
ing a connection between MATLAB/Simulink and the
VHDL simulation environment implemented in Model-
Sim. This co-simulation architecture allows for accurate
behavioral validation, closely reflecting the actual hard-
ware operations. In Fig. 1, the speed control model for
the PMSM system is presented, while Fig. 3 details
the Simulink/ModelSim co-simulation architecture. The
PMSM system, IGBT inverter, and speed control signals
are simulated in Simulink, while the MPCC controller is
described through VHDL code and executed in ModelSim.
The modules in ModelSim, from module-1 to module-3,
perform essential functions: module-1 implements the PI
speed controller, module-2 transforms three-phase current
signals (a, b, ¢) into the d — ¢ coordinate system (direct
and quadrature axes), and module-3 executes the Model
Predictive Current Control for the PMSM system. These
modules are all described in VHDL and co-simulated
through the EDA link with ModelSim, enabling precise
parameter testing and adjustment. The co-simulation pro-
cess ensures accurate evaluation of dynamic and control
factors, optimizing the simulation parameters to guarantee
high efficiency and accuracy in speed control. The PMSM
parameters used in the simulation include number of pole
pairs of 3, stator resistance of 0.95 Q, stator inductance
of 0.0098 mH, moment of inertia J=0.078 kgm?. The
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Fig. 3. The Simulink/ModelSim co-simulation architecture for FCS-MPCC control of PMSM drive.

sampling frequencies for current and speed control are
set at 16 kHz and 2 kH z, respectively, with clocks at 50
MHz and 12.5 M H z providing synchronized signals for all
modules in ModelSim. Before real-world implementation
on FPGA, simultaneous simulation in Simulink and Mod-
elSim helps assess and optimize the operational aspects of
the system, ensuring high accuracy and efficiency in speed
control. This co-simulation architecture not only ensures
precise simulations but also optimizes the design process,
preparing for efficient and reliable deployment on FPGA
hardware.

4. FSM IMPLEMENTATION

The circuit architecture of the MPCC can be depicted
in Fig. 4. The system consists of an adder, a multiplier,
and a dedicated functional unit designed to predict the
current components isq and s, thereby enabling the
complete execution of the control algorithm. All numerical
processing is implemented in fixed-point arithmetic with
32-bit word length in Q15 format.

The algorithm is implemented as a finite state machine
(FSM) and divided into multiple states. The process
begins with the initialization of the optimal cost func-
tion value g,p: and the previous switching state xqq
(So—Sa3). Next, the stator d — ¢ reference currents are
predicted (S24—S47). At states Sys—Sk0, the predicted cur-
rents i5q(k + 2), isq(k + 2) and the cost function g are
calculated. A comparison at S5; updates the optimal state
if g < gopt- This prediction and evaluation procedure is
repeated for candidate switching states indexed by z =
1,..., 7 (S52—S216). In each iteration, the predicted currents
and the cost function are computed, and the optimal state
is updated accordingly (S79—Sa17). After all candidates are
evaluated, the optimal switching state ., is selected and
sent to a look-up table S215 to generate the corresponding
PWM signals. Finally, the selected state is stored as x4
for the next cycle So19. In this way, the FSM ensures that

the controller continuously predicts, evaluates, and selects
the optimal voltage vector to minimize the cost function.

The current prediction block for i5q and i, is detailed
in Fig. 5: states (S¢p—S12) compute the voltage compo-
nents usq and us, according to (4), while states (S13—S22)
predict the currents in (7). The speed PI controller as
well as the coordinate transformation of the current axes
are implemented using look-up tables (LUTSs) and arith-
metic operations (Quang and Phuc (2026)), requiring an
additional 28 steps. Since each computational step takes
approximately 80 ns at a clock frequency of 12.5 M Hz,
the entire algorithm is executed within about 5.92 us.

5. EVALUATION RESULTS

To assess the performance of the proposed control method,
tests are carried out both in steady-state operation at
different rotor speeds and in transient conditions that
include abrupt variations in speed and load torque.

5.1 Assessment under steady-state conditions

To validate the practicality of the proposed approach, we
executed three evaluation cases. In the first case, the cur-
rent controller operated at 10 kH z, a constant load torque
of 9.02 Nm was applied, and the rotor speed was held at
3000 rpm. The corresponding steady-state behavior in Fig.
6 shows that the stator phase current is essentially sinu-
soidal with an electrical frequency of approximately 150
Hz, consistent with a constant mechanical speed of 3000
rpm. The d-axis current remains effectively zero, while
the g-axis current settles near 8.91 A, indicating proper
decoupling and torque production. A ripple analysis yields
mean absolute errors (MAE) of 0.29 A (ig) and 0.33 A
(iq); the rotor-speed and electromagnetic-torque MAEs
are 1.2 rpm and 0.3 Nm, respectively. Collectively, these
results demonstrate that the method suppresses variation
in stator-current ripple, speed, and torque. To illustrate
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state waveforms and their frequency spectra were obtained
with the Simulink FFT toolbox, and the phase-A current
THD was computed over a single fundamental cycle. At
3000 rpm, the fundamental is 150 H z; harmonics up to the

the strategy’s broad applicability, we further assessed the
stator-current total harmonic distortion (THD) under a
constant load across rotor speeds of 500, 1000, 1500, 2000,
and 3000 rpm in Fig. 7. For each operating point, steady-
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20th multiple (<3000 Hz) were included in the analysis.
The resulting THD is 1.5%, and across the tested speeds
the stator-current THD spans 1.42%-1.57%, which is com-
fortably below the commonly cited 5% current-distortion
benchmark in IEEE 519.

5.2 Transient performance evaluation

In the second scenario, the proposed method is evaluated
under step-wise variations of rotor speed. The speed starts
at 0 rpm and increases to 500 rpm, then to 1000 rpm at
0.1 s, 2000 rpm at 0.2 s, and 3000 rpm at 0.3 s. Following
this, the speed is reduced to 1500 rpm at 0.4 s, reversed
to —1000 rpm at 0.5 s, and finally increased back to 500

rpm at 0.6 s, as illustrated in Fig. 8. Simultaneously, the
torque is kept at 9.02 Nm. As depicted in Fig. 8b, the
PMSM begins its operation from a completely stationary
state. It is capable of accelerating to a remarkable speed of
2000 rpm within a rapid duration of 23 s, before sustaining
that speed for approximately 25 ms. When subjected to a
step reference change, both the ¢g-axis and d-axis currents
exhibit a high degree of accuracy, closely following their
designated reference values. This performance is achieved
while adhering to a current limit of 50 A, as established
by the PI controller within the speed regulation loop. The
findings clearly indicate that the proposed control strategy
significantly enhances the motor’s performance in both
transient and steady-state cases. The system achieves a



CONTROL ENGINEERING AND APPLIED INFORMATICS

71

4000

3000 [

————w

3 3

= N
o [}
o) S
) o

Rotor speed [rpm]

-1000

-2000 - - - -
[0} 0.3 0.4 0.5 0.6
Time [s]

(a)

0.1 0.2 0.69

20

-
o
T

o
—F

e

Stator current in d-axis [A]

0o 0.1 0.2 0.3 0.4

Time [s]

(c)

0.5

60 T T :

2100
2000 =

-
o}
o
o
3

~
N

1

1600 | - i

1400 | . 4

Rotor speed [rpm]

1200 +- 1

1000 ==
0.2

0.22 0.225 0.23

Time [s]

(b)

0.21 0.215 0.205

60

40 f

20 jj

Stator current in g-axis [A]
o

0 0.1 0.2 0.3 0.4

Time [s]

(d)

0.5 0.6 0.69

40

20

Stator current [A]
o

%"‘,
i
I

I R

1 I)w‘

o] 0.

lll‘lll'lll""'"""""' ” -

0.6 0.69

Time [s]

(e)

Fig. 8. Validation of the proposed method during transient states: (a) Speed response, (b) Zoom of speed, (¢) d-axis
current, (d) g-axis current and (e) Three-phase stator currents.

swift dynamic response, characterized by minimal over-
shoot during acceleration, along with a negligible steady-
state error when responding to speed variations. This com-
bination of rapid responsiveness and stability underscores
the effectiveness of the proposed approach in managing the
PMSM’s operational performance.

The final case comprehensively evaluates the system’s
performance under a sudden torque disturbance. In this
scenario, the load torque increases from 4.51 Nm to 9.02
Nm in 0.3 s, then decreases back to 4.51 Nm after 0.5
s, while the rotor speed remains at a constant rate of
3000 rpm. As shown in Fig. 9, the ¢g-axis current reacts
quickly and settles well to the torque step, whereas the
d-axis current remains close to its 0-A setpoint with only
slight oscillations. Following the torque change, the g-axis
current takes approximately 0.7 ms to reach the desired
reference value of 4.95 A. Notably, the electromagnetic

torque generated by the proposed method stabilizes within
around 0.4 seconds, demonstrating a quick and effective
response to the disturbance. In a different scenario, when
the load torque is reduced from a maximum of 9.02 Nm
down to 4.51 Nm, the qg-axis stator current stabilizes
within just 0.5 ms. The motor speed shows a slight
deviation of about 0.04% from its initial value, decreasing
during the first second and then increasing in the following
seconds. After these transient effects, the speed quickly
stabilizes and reaches the desired setpoint. This rapid
stabilization highlights the system’s ability to adapt to
varying load conditions, as summarized in Table 1, which
presents a summary of the control performance achieved
by the proposed strategy.

To evaluate the behavior of the proposed control method
under parameter variations, simulation tests were con-
ducted by reducing R, and L, by 50% at the initial state
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Table 1. Summary of control performance.

Rotor speed transition w}, = 1000 — 2000 (rpm)

Rise time (ms) 23
Settling time (ms) 25
Overshoot (%) 0.78
MAE of d-axis stator current (A) 0.29
MAE of g-axis stator current (A) 0.33
MAE of rotor speed (rpm) 1.4
MAE of torque (Nm) 0.28
THD of stator current (%) 1.5

and the flux linkage (¢¢) by 20% at 0.5 s. The system ini-
tially operated under no-load conditions, and a load torque
of 9.03 Nm was applied at 0.4 s. Meanwhile, the rotor
speed was increased from 500 rpm to 3000 rpm at ¢t = 0.2
5. The results are presented in Fig. 10. Analysis of Fig. 10
indicates that the motor speed closely follows the reference
trajectory, exhibiting a fast dynamic response and effective
rejection of disturbances. Moreover, the proposed method
maintains a near-sinusoidal current waveform; although
the THD increases, it remains within the IEEE standard
limit of 5%.

6. CONCLUSION

This paper has presented an FPGA-based co-simulation
framework for finite-control-set model predictive cur-
rent control (FCS-MPCC) applied to PMSM drives, in-
tegrating MATLAB/Simulink with ModelSim. By com-
bining system-level modeling, algorithm development,
and automated testbench generation in Simulink with
cycle-accurate RTL simulation in ModelSim, the pro-
posed framework provides a methodological workflow that
bridges the gap between high-level simulation and hard-
ware deployment.

Simulation studies under steady-state and transient con-
ditions confirm the feasibility and correctness of the FCS-
MPCC controller, demonstrating fast dynamic response
and effective control of current and torque dynamics. The
co-simulation framework facilitates early-stage functional
verification, detection of implementation mismatches, and
consistency checking between the control algorithm and
FPGA implementation before hardware deployment.

Overall, the results show that the proposed methodology
offers a reliable and practical workflow for developing
predictive current controllers in high-performance PMSM
drive applications. While this work validates the feasibility
of FCS-MPCC for real-time control, future research could
focus on quantitative comparisons with alternative verifi-
cation methods, further enhancing its practical relevance
for industrial applications.
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