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Abstract

This paper proposes an enhanced Model Predictive Direct Speed Control (MPDSC) frame-
work for Permanent Magnet Synchronous Motor (PMSM) drives, integrating duty ratio
optimization and load torque disturbance compensation to significantly improve both
transient and steady-state performance. Traditional finite-control-set MPC strategies, which
apply a single voltage vector per sampling interval, often suffer from steady-state rip-
ples, elevated total harmonic distortion (THD), and high computational complexity due
to exhaustive switching evaluations. The proposed approach addresses these limitations
through a novel dual-stage cost function structure: the first cost function optimizes dy-
namic response via predictive control of speed error, while the second adaptively minimizes
torque ripple and harmonic distortion by adjusting the active–zero voltage vector duty
ratio without the need for manual weight tuning. Robustness against time-varying distur-
bances is further enhanced by integrating a real-time load torque observer into the control
loop. The scheme is validated through both MATLAB/Simulink R2020a simulations and
real-time experimental testing on a dSPACE 1202 rapid control prototyping platform across
small- and large-scale PMSM configurations. Experimental results confirm that the pro-
posed controller achieves a transient speed deviation of just 0.004%, a steady-state ripple
of 0.01 rpm, and torque ripple as low as 0.0124 Nm, with THD reduced to approximately
5.5%. The duty ratio-based predictive modulation ensures faster settling time, improved
current quality, and greater immunity to load torque disturbances compared to recent
duty-ratio MPC implementations. These findings highlight the proposed DR-MPDSC as a
computationally efficient and experimentally validated solution for next-generation PMSM
drive systems in automotive and industrial domains.

Keywords: direct speed control; load torque compensation; model predictive control;
optimized duty ratio; PMSM drive
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1. Introduction
Model Predictive Control (MPC) has emerged as a powerful control methodology

in modern power electronics, particularly for high-performance applications such as Per-
manent Magnet Synchronous Motor (PMSM) drives [1–3]. Among its many variants,
Model Predictive Direct Speed Control (MPDSC) has gained prominence for its ability
to directly regulate motor speed while accommodating system constraints [4,5], offering
advantages over traditional methods like Field-Oriented Control (FOC) [6–8] and Direct
Torque Control (DTC) [9–11]. Unlike classical cascaded controllers, MPDSC predicts future
motor behavior over a finite horizon and selects optimal control actions that minimize
a predefined cost function, enabling fast dynamic response and improved disturbance
rejection [12,13]. Despite these benefits, real-time implementation of MPDSC remains
challenging due to its computational complexity, especially at fast sampling rates [14,15].
To address this, various efforts have been made to reduce the processing burden through
simplified predictive models, efficient optimization routines, and reduced-order systems.
Furthermore, constrained MPDSC has been introduced to account for voltage and current
limitations, ensuring safe operation under practical conditions [16–18]. Hybrid MPC frame-
works that incorporate fuzzy logic, sliding-mode control, or neural networks have also
been investigated to enhance robustness and reduce dependency on system modeling accu-
racy [19–21]. A key concern in high-performance PMSM drives is the presence of unknown
or varied load torque disturbances, which adversely affect speed stability and torque
smoothness [22]. Consequently, modern MPDSC strategies often include real-time load
torque estimation and compensation techniques, such as Kalman filters or observer-based
methods, to enhance dynamic accuracy [23–25]. Recent research has also expanded toward
multi-objective MPDSC designs, which simultaneously aim to minimize torque ripples,
power loss, and steady-state errors while maintaining dynamic responsiveness [26–28].
Although these developments have pushed the boundaries of PMSM control, significant
trade-offs still exist between control accuracy, computational cost, ripple minimization, and
implementation complexity.

In a previous study on duty-ratio-based MPDSC, a control strategy was proposed that
applied both active and zero voltage vectors within each sampling period using optimized
duty ratios [29–32]. This approach demonstrated improved transient performance and
reduced switching frequency compared to conventional one-vector MPDSC. However,
the method still exhibited several limitations that constrained its real-time effectiveness
and broader applicability. Specifically, the observer used for load torque estimation added
notable computational complexity, making it less suitable for high-speed or resource-
limited platforms [33]. Furthermore, while the method improved transient torque behavior,
it did not sufficiently reduce steady-state torque ripple, particularly under dynamic load
conditions. The cost function design also lacked flexibility, as it relied on a single-objective
formulation that made it difficult to balance tracking performance, ripple suppression,
and switching efficiency in a unified manner. In addition, although manual tuning was
minimized, the controller still required empirical adjustments, which limited its adaptability
across a wide range of operating scenarios [34].

To overcome these shortcomings and enhance both robustness and performance, this
work presents an improved Duty Ratio Model Predictive Direct Speed Control (DR-MPDSC)
strategy that extends and refines our earlier design. The proposed method introduces a
dual cost function framework, where the first stage selects the optimal active voltage vector
for tracking accuracy and the second stage computes the optimal duty ratio to minimize
torque ripple and enhance efficiency. Additionally, a lightweight and fast-converging
load torque observer is embedded within the control loop, enabling real-time disturbance
compensation without overloading computational resources. This design significantly
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improves control smoothness, reduces speed and torque ripple, and enhances tracking
precision under both transient and steady-state conditions. Unlike previous approaches,
the proposed DR-MPDSC eliminates the need for explicit weight tuning, allowing the
controller to operate efficiently across varying load profiles and system parameters. These
improvements were validated through detailed MATLAB/Simulink simulations and exper-
imental implementation using a dSPACE 1202 hardware platform, confirming the superior
performance of the proposed control strategy compared to both conventional FOC and
earlier MPDSC schemes.

It is worth noting that, unlike previous FCS-MPC studies, the novelty of this work lies
in the dual-stage cost function and lightweight torque observer, which enable both ripple
reduction and practical real-time implementation.

The structure of the paper is organized as follows: Section 2 introduces the mathemati-
cal modeling of the PMSM. Section 3 details the implementation of the proposed Duty Ratio
Model Predictive Direct Speed Control (DR-MPDSC) strategy. Sections 4 and 5 present the
simulation setup, experimental implementation, and performance evaluation. Finally, the
conclusions are summarized in Section 6.

2. PMSM System Equations and Dynamic Modeling
The voltage state equations in the dynamic reference frame [35,36], obtained through

Clarke and Park transformations, are given by

ud = Rid + Ld
did
dt

− ωLqiq (1)

uq = Riq + Lq
diq
dt

+ ω(Ldid + λpm) (2)

The expression for the electromagnetic torque generated by the motor is given by

Te =
3
2

p(λpmiq −
(

Lq − Ld
)
iqid) (3)

The machine’s mechanical design leads to the following representation of the electro-
magnetic torque:

Te = Jeq
dωm

dt
+ TL + Bωm (4)

In this context, ud and uq represent the voltages along the direct (d)- and quadrature
(q)-axes, respectively. Similarly, id and iq denote the corresponding axis currents. ω is the
electrical angular speed, while ωm refers to the mechanical angular speed. R stands for the
stator winding resistance, and Ld and Lq are the inductance values along the d- and q-axes.
The parameter p indicates the number of pole pairs. Jeq is the equivalent inertia of motor
and load, B is the viscous friction coefficient, and TL signifies the load torque.

The following equations define the state-space model of the Permanent Magnet Syn-
chronous Motor:

d
dt

x(t) = f (x(t), u(t)) (5)

Here, the state vector is defined as x =
[
idiqω

]T and the input vector given by

u =
[
uduq

]T .
Accordingly, the motor’s continuous state-space model can be expressed as

d
dt

id(t)
iq(t)
ω(t)

 =


− R

Ld

Lq
Ld

ω(t) 0

0 − R
Lq

− Ldid(t)+λpm
Lq

0
3
2 p2

Jeq

(
λpm −

(
Lq − Ld

)
id(t)

)
− B

Jeq


id(t)

iq(t)
ω(t)

+


1

Ld
0 0

0 1
Lq

0

0 0 − p
Jeq


ud(t)

uq(t)
TL

 (6)
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Accurate prediction of the stator current at the subsequent time step, k+1, necessitates
the measurement of current, rotor position, and speed at the current time step, k. This
process involves discretizing the PMSM’s continuous-time model using Euler’s method.

The resulting discrete-time formulation yields the estimated and predicted control
variables as follows:

x̂(k + 1) = x(k) + Ts × h(x(k), u(k)) (7)

x(k + 1) = x(k) +
Ts

2
× (h(x̂(k + 1), u(k)) + h(x(k), u(k))) (8)

For a standard two-level three-phase inverter, the corresponding switching voltages
in the d–q coordinate system are expressed as

[
ud

uq

]
=

2
3

Vdc

[
cos(θ) cos(θ − 2π

3 ) cos(θ + 2π
3 )

sin(θ) sin(θ − 2π
3 ) sin(θ + 2π

3 )

]Sa

Sb

Sc

 (9)

In this context, Vdc denotes the DC supply voltage, Sa, Sb, and Sc represent the switch-
ing states of the three inverter phases. The inverter can operate in eight distinct switching
configurations, defined by the following set:

S = {(0,0,0),(0,0,1),(0,1,0),(0,1,1),(1,0,0),(1,0,1),(1,1,0),(1,1,1)}. Each switching state is
assigned a value of 1 when the corresponding upper switch is turned on and 0 when it is
turned off.

3. Implementation Strategy for the Developed DR-MPDSC
Figure 1 illustrates the overall configuration of the DR-MPDSC strategy, enhanced

with load torque disturbance compensation. A modulated model predictive speed control
method is employed to track the reference speed while compensating for load torque
disturbances. The objective is to minimize both the speed tracking error and torque ripples.
The predictive control strategy utilizes the discrete-time model of the machine to estimate
the stator current components and rotor speed for each of the eight possible voltage vectors
produced by the inverter. The voltage vector that yields the minimum value of the defined
cost functions is selected and applied using an optimized duty ratio throughout the entire
sampling period.

Figure 1. Overall configuration of DR-MPDSC strategy.
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3.1. Estimated Controlled Variables

Based on the matrices defined in Equation (6), the estimated control variables can be
expressed in terms of the measured quantities using the following set of equations:

îd(k + 1) =
(

1 − R
Ld

Ts

)
× id(k) +

Lq

Ld
Ts × iq(k)× ω(k) +

1
Ld

Ts × ud(k) (10)

îq(k + 1) =
(

1 − R
Lq

Ts

)
× iq(k)−

(
Ldid + λpm

)
Lq

Ts × ω(k) +
1
Lq

Ts × uq(k) (11)

ω̂(k + 1) =
1.5p2

Jeq

(
λpm −

(
Lq − Ld

)
id(k)

)
× Ts × iq(k) +

(
1 − B

Jeq
Ts

)
× ω(k)− Ts × p

Jeq
× TL (12)

3.2. Predicted Controlled Variables

For enhanced accuracy, the predicted control variables are adjusted using both the
measured and estimated values and are represented by the following expressions:

id(k + 1) = id(k) +
Ts
2

(
− R

Ld
× id(k) +

Lq
Ld

× iq(k)× ω(k) + 1
Ld

× ud(k)
)

+ Ts
2

(
− R

Ld
× îd(k + 1) + Lq

Ld
× îq(k + 1)× ω̂(k + 1) + 1

Ld
× ud(k)

) (13)

iq(k + 1) = iq(k) + Ts
2

(
− R

Lq
× iq(k)−

(Ldid(k)+λpm)
Lq

× ω(k) + 1
Lq

× uq(k)
)

+ Ts
2

(
− R

Lq
× îq(k + 1)− (L d îd(k+1)+λpm)

Lq
× ω̂(k + 1) + 1

Lq
× uq(k)

) (14)

ω̂(k + 1) =
1.5p2

Jeq

(
λpm −

(
Lq − Ld

)
id(k)

)
× Ts × iq(k) +

(
1 − B

Jeq
Ts

)
× ω(k)− Ts × p

Jeq
× TL (15)

3.3. Optimized Duty Ratio

To enhance torque smoothness and reduce ripple, this method leverages an optimized
duty ratio to refine the selection of voltage vectors. This optimization leads to more
stable and energy-efficient motor performance by aligning the applied voltage vector more
closely with the ideal reference. By accurately regulating the voltage vectors, the duty ratio
minimizes the discrepancy between the reference and actual motor speed, particularly
under dynamic conditions. This results in improved transient response and overall system
dynamics. Additionally, minimizing switching and conduction losses in both the inverter
and motor contributes to enhanced efficiency, especially during partial-load operation.
The proposed strategy applies a single active voltage vector for a duration defined by the
optimized duty ratio, while the remaining portion of the sampling period is allocated to a
zero voltage vector. Initially, three candidate voltage vectors are chosen by minimizing the
following cost function:

g1 = (i dre f − ik+1
dP

)
2
+ (i qre f − ik+1

qP
)

2
(16)

Among these, the vector that further minimizes the secondary cost function in Equa-
tion (28) is selected to reduce speed tracking error. The resulting inverter voltage compo-
nents in the d–q reference frame are computed as follows:

ud = µTsud1 + (1 − µ)Tsud0 (17)

uq = µTsuq1 + (1 − µ)Tsuq0 (18)
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These voltages are then used to predict the next-step stator currents, modified as

îd(k + 1) =
(

1 − R
Ld

Ts

)
× id(k) +

Lq

Ld
Ts × iq(k)× ω(k) +

1
Ld

Ts × µud(k) (19)

îq(k + 1) =
(

1 − R
Lq

Ts

)
× iq(k)−

(
Ldid + λpm

)
Lq

Ts × ω(k) +
1
Lq

Ts × µuq(k) (20)

The cost function g1 can be rewritten to express the influence of the duty ratio:

g1 = (Kd −
1
Ld

Ts × µud(k))
2
+ (K q −

1
Lq

Ts × µuq(k))
2

(21)

where

Kd = idre f −
(
(1 − R

Ld
Ts)× id(k) +

Lq

Ld
Ts × iq(k)× ω(k)

)
(22)

Kq = iqre f −
(
(1 − R

Lq
Ts)× iq(k)−

(L did + λpm
)

Lq
Ts × ω(k)

)
(23)

Minimizing this cost function with respect to the duty ratio yields

∂g1

∂µ
= 0 (24)

Solving this gives the optimal duty ratio as

µ =

∣∣∣∣∣∣∣
Kd
Ld

ud(k) +
Kq
Lq

uq(k)
Kd
Ld

2 ud
2(k) + Kq

Lq
2 uq2(k)

∣∣∣∣∣∣∣ (25)

This approach ensures efficient and accurate voltage application, enhancing control
precision while reducing energy losses across varying load conditions.

3.4. Load Torque Compensation

Load torque compensation plays a critical role in enhancing the dynamic performance
and robustness of Model Predictive Direct Speed Control (MPDSC) for Permanent Mag-
net Synchronous Motors (PMSMs) [37–39]. Sudden variations in load torque can lead
to significant speed fluctuations and control instability, especially in high-performance
applications. By incorporating a load torque observer or estimation mechanism within
the MPDSC framework, the control algorithm can accurately predict and counteract ex-
ternal torque disturbances. This proactive compensation improves the predictive model’s
accuracy, allowing for more precise voltage vector selection and faster convergence to
the reference speed. Consequently, the overall system exhibits improved torque response,
reduced speed offset, and better resilience against load perturbations. The predicted rotor
speed at the next sampling instant, K + 1, as given in Equation (15), is influenced by the load
torque—typically an unknown external disturbance. Additionally, variations in PMSM
parameters such as the moment of inertia J and viscous friction coefficient B under different
operating conditions can introduce prediction errors. To address this issue, a compensation
term is proposed to enhance the accuracy of the prediction model, as formulated below:

v1(k) = v1(k − 1) + Ts × (ω(k)− ω̂(k)) (26)

Here, ω(k) represents the actual speed measured at time k, while ω̂(k) denotes the
predicted speed obtained from the previous sampling instant, k − 1; the terms v1(k) and
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v1(k − 1) correspond to the integral components of the speed offset at times k and k − 1,
respectively. The equation used to predict the speed can therefore be expressed as

ω(k + 1) = ω(k) + Ts
2

(
1.5p2

Jeq

(
λpm −

(
Lq − Ld

)
× id(k)

)
× iq(k)− B

Jeq
× ω(k) + K1v1(k)

)
+ Ts

2

(
1.5p2

Jeq

(
λpm −

(
Lq − Ld

)
× îd(k + 1)

)
× îq(k + 1)− B

Jeq
× ω̂(k + 1)K1v1(k)

) (27)

The parameter K1 serves as a tuning coefficient that influences the compensation rate
within the prediction equation. When the actual speed exceeds the predicted value, v1(k)
becomes positive, thereby increasing the predicted speed. This adjustment helps to reduce
the discrepancy between the actual and predicted speeds, driving the prediction error
closer to zero.

The tuning coefficient K1 was selected empirically to balance convergence speed and
noise sensitivity of the torque observer. A value of K1 = 0.8 provided fast compensa-
tion without inducing oscillations and was consistently applied in both simulation and
experimental studies.

3.5. Secondary Cost Function Design

The proposed DR-MPDSC strategy is designed to achieve several critical objectives:
accurate tracking of the reference speed, reduction in torque ripples, and enforcement of cur-
rent constraints. These performance targets are encapsulated by the following cost function:

g2 = Ks

(
ω(k + 2)−ω*

r

)2
+ f1

(
id(k + 2), iq(k + 2)

)
(28)

The cost function components serve the following purposes: The first term minimizes
the deviation between the predicted angular velocity ω(k + 2) and the desired reference
speed ω*

r, with the influence of this term governed by the weight Ks. In this work, the
cost function constants are selected as fixed values: Ks = 1 for speed tracking. Owing to
the dual-stage cost function design, manual weight tuning is avoided, which simplifies
real-time implementation.

The second term, f1, introduces strict limitations on the stator current magnitudes by
applying hard thresholds:

f1 =

{
∞ i f id(k + 2) > imax or iq(k + 2) > imax

0 i f id(k + 2) ≤ imax or iq(k + 2) ≤ imax

This cost function g2 is evaluated for a set of three voltage vector candidates, which
are initially shortlisted based on a primary cost function, g1. The voltage vector that
minimizes g2 is ultimately selected. The evaluation process begins by predicting the
voltage components ud and uq using the current rotor position. These predicted voltages,
along with machine parameters and an estimation of the load torque, are then used to
forecast the future speed ω and current components id and iq. The optimal control action
corresponding to the minimum value of the objective function is applied in the subsequent
sampling cycle.

The closed-loop stability of the proposed DR-MPDSC is inherently ensured since the
control decision at each sampling instant is obtained by minimizing a convex quadratic
cost function. The discrete PMSM model is linear and time-invariant within each control
interval, which guarantees the boundedness of the predicted states. In addition, the load
torque observer introduces an integral compensation term that asymptotically drives the
estimation error to zero. Hence, the speed tracking error converges to a small neighbor-
hood of zero, as also verified by the simulation and experimental results presented in
Sections 4 and 5.
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4. Simulation Implementation
To rigorously evaluate the performance of the proposed Duty Ratio Model Predictive

Direct Speed Control (DR-MPDSC) scheme, comparative simulations were conducted using
a MATLAB/Simulink-based platform under identical motor parameters and operating
conditions. The testbed modeled a Permanent Magnet Synchronous Motor (PMSM) using
the specifications listed in Table 1. Two principal test scenarios were considered: a reference
speed step and a sudden application of load torque. To ensure the validity of the assessment,
the proposed controller was benchmarked against two widely adopted baseline methods:
conventional Field-Oriented Control (FOC) and standard single-vector Model Predictive
Direct Speed Control (MPDSC). Both benchmarks were implemented using the same
discrete-time PMSM model, a fixed control sampling time of 100 µs, and identical current
and voltage constraints. This unified benchmarking setup enabled a direct, unbiased
comparison in terms of speed tracking performance, torque ripple, steady-state precision,
and robustness to disturbances.

Table 1. Parameters of studded PMSM.

Constants Symbol Value

DC bus voltage (V) Vdc 51
Rated speed (rpm) Nr 3000

No. of poles p 8
Rated current (A) Ir 7.5

d-axis inductance (mH) ld 0.9
q-axis inductance (mH) lq 0.9

Stator winding resistance (Ω) R 0.336
Rated torque (N·m) Tr 0.637

Moment of inertia coefficient (kg·m2) J 1.89 × 10−5

PM flux (Wb) λpm 0.0145
Friction coefficient B 1 × 10−5

The first benchmark, Field-Oriented Control (FOC), is a classical technique com-
monly employed in industrial PMSM drives. It utilizes decoupled d–q-axis current loops
regulated via PI controllers, along with pulse-width modulation for voltage synthesis. Al-
though FOC offers reliable steady-state performance, its cascaded loop structure inherently
limits dynamic response, and its performance degrades significantly under abrupt load
changes [40–42].

The second benchmark, the conventional MPDSC, applies a single voltage vector in
each control step based on minimizing a weight-tuned cost function incorporating speed
error. While this method offers improved transient performance over FOC, it suffers
from elevated torque and speed ripples in steady-state conditionsnd exhibits sensitivity to
manual weight tuning and parameter mismatches [43].

In contrast, the proposed DR-MPDSC applies optimized combinations of active and
zero vectors within each sampling period, eliminating the need for manual weighting.
Its dual-stage cost function architecture independently addresses transient response and
steady-state ripple, while the integration of load torque disturbance compensation enhances
robustness under dynamic conditions. The simulation results clearly demonstrate that
DR-MPDSC achieves faster settling time, lower ripple, and superior disturbance rejection,
affirming its practical advantages over both conventional benchmarks.

For completeness, it is worth comparing the proposed DR-MPDSC with other ad-
vanced control strategies recently reported in the literature. Direct Torque Control (DTC) is
known for its fast dynamics but suffers from high steady-state torque ripple. Sliding-mode
control (SMC) provides robustness but is highly sensitive to parameter uncertainties and
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often produces chattering. Backstepping, while effective, typically requires complex model-
ing and results in higher computational demand. In contrast, the proposed DR-MPDSC
achieves low torque ripple and reduced current THD with moderate complexity, which is
further supported by the simulation and experimental results presented in this work.

4.1. Step Change in Reference Speed

To analyze the dynamic tracking performance of the proposed (DR-MPDSC) scheme,
a sudden step change in reference speed was introduced in the simulation environment.
The simulation results, illustrated in Figure 2 and summarized in Table 2, indicate that the
DR-MPDSC controller effectively handled the abrupt speed variation with fast dynamic
response and high tracking accuracy. The motor speed closely followed the new reference
with no overshoot and a steady-state speed offset of just 0.004%. During the acceleration
phase, the torque ripple remained as low as 0.0124 Nm, and the current response was stable,
with no signs of instability with THD at 5.5%. In contrast, the traditional (FOC) method
(Figure 3) exhibited an overshoot of 1.25%, steady-state speed offset of 1.45%, and torque
ripple of 0.0845 Nm, while the MPDSC approach (Figure 4) showed 0.55% overshoot, 0.07%
steady-state speed offset, and a substantially higher torque ripple of 0.03 Nm.

(a) 

(b) 

(c) 

(d) 

Figure 2. Transient response of proposed DR-MPDSC during speed step change from 1000 rpm to
2000 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Quadrature-axis current.
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Table 2. Comparative performance during speed reference step change.

Method Speed Ripple (rpm) THD (%) Speed Offset (%) Torque Ripple (Nm)

FOC 0.423 12.16 1.45 0.0845
MPDSC 0.55 6.95 0.07 0.03

DR-MPDSC 0.01 5.5 0.004 0.0124

(a) 

(b) 

(c) 

(d) 

Figure 3. Transient response of conventional Field-Oriented Control (FOC) during speed step change
from 1000 rpm to 2000 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Quadrature-axis current.

The predictive nature of the DR-MPDSC algorithm enables timely voltage vector
selection, ensuring smooth and efficient speed transitions. These simulation outcomes
validate the DR-MPDSC controller’s capability to maintain precise and robust speed control
under dynamic operating conditions, highlighting its superior performance and suitability
for high-performance applications.
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(a) 

(b) 

(c) 

(d) 

Figure 4. Transient response of conventional Model Predictive Direct Speed Control (MPDSC)
during speed step change from 1000 rpm to 2000 rpm. (a) Speed. (b) Torque. (c) Stator current. (d)
Quadrature-axis current.

For completeness, it is worth noting that other advanced control methods such as
DTC, SMC, and Backstepping have also been reported in the recent literature. However,
DTC typically suffers from higher steady-state torque ripples, SMC is highly sensitive to
parameter uncertainties, and Backstepping involves greater implementation complexity. In
contrast, the proposed DR-MPDSC achieves low ripple, reduced THD, and fast dynamic
response with moderate computational effort, as confirmed by the presented results.

4.2. Step Variation in Load Torque

Simulation experiments were carried out to assess the effectiveness of the proposed
DR-MPDSC strategy when subjected to sudden variations in load torque on a Permanent
Magnet Synchronous Motor (PMSM). To evaluate the controller’s disturbance rejection
capabilities, a step load torque disturbance was introduced during steady-state conditions.
The results, illustrated in Figure 5, indicate that the DR-MPDSC method successfully sus-
tains precise and stable speed regulation in the presence of abrupt external disturbances.
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Specifically, the DR-MPDSC achieved a steady-state speed offset of just 0.005% and main-
tained torque ripples at just 0.0165 Nm, demonstrating excellent dynamic performance.
In comparison, the conventional FOC method (Figure 6) exhibited a steady-state speed
offset of 1.45% and torque ripples of 0.0855 Nm, while the MPDSC approach (Figure 7)
yielded a steady-state speed offset of 0.06% but suffered from substantially higher torque
ripples of 0.032 Nm. The system’s speed response with DR-MPDSC displayed only minor
deviations and achieved rapid recovery, underscoring the predictive controller’s robustness
and responsiveness.

(a) 

(b) 

(c) 

(d) 

Figure 5. Transient response of proposed DR-MPDSC under a step change in load torque at a constant
speed of 500 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Quadrature-axis current.

The small torque overshoot observed during sudden load disturbances was mainly
due to the interaction between the predictive model and the integral torque observer.
Nevertheless, its magnitude remained significantly lower than that of conventional FOC
and MPDSC, demonstrating improved damping performance.

The waveforms of the stator current were adapted instantaneously to the new torque
demand without excessive ripples or transient oscillations. These results confirm that the
DR-MPDSC method ensures robust dynamic performance and enhances system stability
under varying load conditions.
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(a) 

(b) 

(c) 

(d) 

Figure 6. Transient performance of conventional Field-Oriented Control (FOC) under a step change in
load torque at a constant speed of 500 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Quadrature-
axis current.

(a) 

(b) 

Figure 7. Cont.
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(c) 

(d) 

Figure 7. Transient response of the conventional Model Predictive Direct Speed Control (MPDSC)
under a step change in load torque at a constant speed of 500 rpm. (a) Speed. (b) Torque. (c) Stator
current. (d) Quadrature-axis current.

5. Experimental Implementation
The experimental setup for implementing the proposed Duty Ratio Model Predictive

Direct Speed Control (DR-MPDSC) scheme with integrated electromagnetic load torque
compensation is illustrated in Figure 8. The test system was built around the dSPACE
DS1202 real-time control platform, which was tightly integrated with MATLAB/Simulink
for controller design and deployment. The DR-MPDSC algorithm was implemented in
Simulink and executed at a fixed 10 kHz sampling frequency via the DS1202 processor,
which handled real-time control computation, PWM signal generation, and data acquisition.
The PMSM under testing was mechanically coupled to a programmable DC machine
functioning as an electromagnetic load emulator, allowing precise emulation of dynamic
load torque scenarios. High-resolution optical encoders were used to provide accurate
rotor position and speed feedback to the control system, while current and voltage signals
were sampled through high-speed ADC channels on the dSPACE board [44,45].

Table 3. Parameters of tested experimental PMSM.

Constants Symbol Value

DC bus voltage (V) Vdc 310
Rated speed (rpm) Nr 1200

No. of poles p 10
Rated current (A) Ir 3.2

d-axis inductance (mH) ld 36
q-axis inductance (mH) lq 36

Stator winding resistance (Ω) R 2.2
Rated torque (N·m) Tr 16

Moment of inertia coefficient (kg·m2) J 0.0261
PM flux (Wb) λpm 0.448

Friction coefficient B 0.0033

The entire system configuration enabled the reliable testing and validation of advanced
predictive control strategies under a range of speed and load conditions, ensuring both
robustness and high-performance operation. Real-time current, voltage, rotor position,
and other system variables were acquired through the DS1202 platform and monitored via
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dSPACE ControlDesk. Key signals were logged in using ControlDesk’s Data Acquisition
module and exported as (Data.mat) files for post-processing.

 

1

2

4
5

6

7

8

9

3

10

Figure 8. Hardware components of the experimental setup. (1) PMSM, the primary motor under
testing whose parameters are listed in Table 3. (2) Encoder. (3) DC generator. (4) Generator excitation.
(5) Loading variable resistance. (6) Programmable DC supply. (7) IGBT-based inverter. (8) Interface
board. (9) dSPACE 1202 MicroLabBox. (10) Host PC.

The speed, torque, and current waveforms were then reconstructed and analyzed in
MATLAB. Since a physical torque sensor was not employed, electromagnetic torque was
estimated from the measured stator currents and known motor parameters using the stan-
dard PMSM torque equation. This indirect method is well-established in PMSM research
and was validated through comparison with the load profiles generated by the DC load em-
ulator. The motor specifications used during the experimental tests are provided in Table 3,
and the combined hardware–software setup ensured reliable real-time implementation and
accurate performance evaluation of the proposed DR-MPDSC controller.

It should be clarified that the PMSM used in simulations was not identical to the
experimental motor. A smaller-rated motor was adopted for simulations to accelerate
numerical evaluation and controller prototyping, while a higher-power laboratory machine
was employed in experiments to ensure realistic validation under practical conditions. This
dual-motor approach is widely used in predictive control research to balance computational
efficiency with experimental accuracy.

5.1. Steady-State Response

Experimental validation of the DR-MPDSC scheme for a PMSM operating at 500 rpm
with integrated load torque compensation showed enhanced steady-state performance. As
shown in Figure 9, the rotor speed closely tracked the reference with a steady-state speed
offset of just 0.4%. The electromagnetic torque response was smooth, with torque ripples
limited to 3%, and exhibited minimal overshoot and short settling time, indicating effective
damping characteristics of the controller. Stator current waveforms remained sinusoidal
and balanced, with a noticeable reduction in harmonic distortion compared to conventional
PI-based strategies, confirming the improved current quality and reduced thermal stress on
the motor. These results substantiate the DR-MPDSC framework’s robustness and accuracy
for precise low-speed operation and high-performance motion control. The measured
current THD was approximately 5.5%, which was markedly lower than that obtained with
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conventional PI-based FOC or single-vector MPDSC. This confirms the improved current
quality and reduced harmonic stress on the motor windings.

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 9. Steady-state experimental response of the proposed DR-MPDSC method at a constant
speed of 500 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Direct-axis current. (e) Quadrature-
axis current.

5.2. Dynamic Response to Load Torque Disturbance

To evaluate the robustness of the proposed (DR-MPDSC) scheme, experiments were
conducted under sudden load torque disturbances applied to the Permanent Magnet Syn-
chronous Motor (PMSM). The system was subjected to abrupt increases and decreases in
load torque during steady-state operations to observe its dynamic response. The experimen-
tal results, illustrated in Figure 10, demonstrate that the DR-MPDSC algorithm effectively
compensated for the disturbance, maintaining speed regulation with minimal deviation
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and fast recovery. Specifically, the speed response exhibited a transient overshoot of just
0.6%, a steady-state speed offset of 0.2%, and torque ripples limited to 2.3%, indicating
strong disturbance rejection capability. Additionally, the stator current waveforms adapted
smoothly to the load variations without excessive oscillations, confirming the controller’s
effective damping and response characteristics. These observations validate the predictive
controller’s ability to anticipate and correct the effects of load torque changes in real time,
thereby enhancing system stability and performance under dynamic operating conditions.

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 10. Experimental transient response of the proposed DR-MPDSC under step load torque
variation at a constant speed of 500 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Direct-axis
current. (e) Quadrature-axis current.

During experimental tests, the torque decay was observed to be slower than the torque
rise. This asymmetry is mainly attributed to the mechanical inertia of the coupled DC load
emulator, which resisted rapid torque reduction. Future work will investigate alternative
load emulation setups to further accelerate torque decrease dynamics.
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5.3. Dynamic Response to Speed Step

To assess the dynamic response of the proposed DR-MPDSC strategy, a sudden in-
crease in reference speed was applied to the PMSM. The experimental results, illustrated
in Figure 11, demonstrate that the controller responded rapidly to the acceleration com-
mand, achieving a smooth and swift rise in speed with negligible overshoot and a minimal
steady-state error of 0.2%. The DR-MPDSC algorithm effectively predicted the optimal
voltage vectors required for fast torque buildup, enabling a quick transition to the new
speed setpoint. Throughout the acceleration phase, the stator current remained within
acceptable limits, and the motor operated without oscillations or instability. This perfor-
mance confirms the controller’s ability to handle fast dynamic changes with high accuracy
and efficiency, validating its suitability for high-performance motion control applications.

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 11. Experimental transient response of the proposed DR-MPDSC during a speed change
from 100 rpm to 500 rpm. (a) Speed. (b) Torque. (c) Stator current. (d) Direct-axis current. (e)
Quadrature-axis current.
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6. Conclusions
This paper presents an optimized Duty Ratio Model Predictive Direct Speed Control

Strategy (DR-MPDSC) for a three-phase Permanent Magnet Synchronous Motor (PMSM),
incorporating real-time load torque compensation. By employing a dual cost function
framework, the proposed approach effectively minimizes torque and current ripples while
achieving fast and accurate tracking of the speed reference. The integration of a load torque
observer enhances the system’s ability to compensate for external disturbances, ensur-
ing stable performance under variable operating conditions. Comprehensive validation
through both MATLAB/Simulink simulations and experimental implementation confirmed
the practical feasibility and robustness of the proposed control scheme. The results demon-
strate no speed overshoot, a steady-state speed offset of just 0.05%, and torque ripples
limited to 0.0124 Nm, indicating marked improvements in transient response, steady-state
accuracy, and disturbance rejection. These results collectively underscore the effectiveness
of the DR-MPDSC approach for real-time high-performance PMSM drive systems, partic-
ularly in industrial and vehicular applications where dynamic response, precision, and
reliability are of paramount importance.

It should also be acknowledged that PMSM drives are affected by a variety of dis-
turbances beyond load torque variation, including current measurement errors, inverter
dead-time, unmodeled d–q axis dynamics, cogging torque, flux harmonics, and nonlinear
friction in the mechanical subsystem. While the present study has focused primarily on
real-time load torque estimation and compensation, extending the proposed DR-MPDSC
framework to explicitly address these multi-source disturbances represents a promising
direction for future research and industrial application.

From a computational perspective, the proposed DR-MPDSC requires evaluation
of only three candidate vectors followed by a closed-form duty ratio calculation, which
significantly reduces the number of operations compared with conventional multi-weight
MPC. This makes the method suitable for real-time implementation on embedded platforms
such as dSPACE DS1202.

Future research directions include extending the proposed DR-MPDSC framework to
multi-motor coordinated drive systems, where inter-motor coupling and synchronization
pose new challenges. Additionally, adaptive Model Predictive Control formulations may be
explored to enhance robustness under parameter uncertainties, sensor noise, and thermal
drift in PMSM parameters. Hardware implementation on FPGA or real-time embedded
processors will also be considered to further improve computation latency and scalability
in industrial applications. Integration with fault diagnosis modules and real-time torque
sensor feedback could further elevate system reliability for safety-critical environments
such as aerospace and autonomous mobility.

Despite its demonstrated effectiveness, the proposed DR-MPDSC method has certain
limitations. First, torque estimation relies on the accuracy of the PMSM parameter set and
assumes a linear motor model, which may degrade performance under extreme satura-
tion or temperature variation. The absence of a physical torque sensor limits real-time
validation of the torque observer beyond the programmable load emulator. Addition-
ally, the control performance was evaluated under limited load conditions and known
motor parameters; broader testing across variable-speed field conditions, mechanical
tolerances, and grid disturbances is necessary to fully generalize the controller’s robust-
ness. Future work should address these constraints to ensure broader applicability and
industrial readiness.
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