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ABSTRACT: Conventional model predictive flux control (C-MPFC) generates large steady-state ripples, and the system reference values
are heavily dependent on the permanent magnet (PM) flux. This paper proposes a discrete space-vector modulation model predictive flux
control with a reformulated incremental cost function and efficient search strategy (RDSVM-MPFC) for surface-mounted permanent
magnet synchronous motors (SPMSMs). First, a unified cost function based on flux increments is reconstructed by redefining the d-
axis reference flux. Second, the candidate set is expanded via discrete space vector modulation (DSVM) in the spatial flux increment
plane to generate a set of virtual flux increment vectors (VFIVs), thereby significantly suppressing steady-state errors. Furthermore, to
manage the heavy computation burden associated with the expanded VFIVs, a three-stage hierarchical optimization strategy is designed.
This approach achieves rapid identification of the optimal control vector, which preserves the high steady-state precision while largely
reducing the computational complexity of the system. Finally, experimental studies demonstrate that the proposed RDSVM-MPFC
strategy eliminates sensitivity to PM flux variations and markedly suppresses steady-state pulsations.

1. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) are widely
used in various industrial sectors due to their high effi-

ciency, excellent control performance, and high power den-
sity [1, 2]. To achieve high-performance regulation of PMSMs,
modern control strategies are required to ensure fast dynamic
responses and maintain steady-state precision under complex
constraints across the entire speed range. Field-oriented control
(FOC) and direct torque control (DTC) are two classical control
strategies applied in industrial applications. FOC achieves the
decoupled control of torque and flux through coordinate trans-
formations, but its performance relies heavily on the careful
tuning of proportional-integral (PI) controllers [3]. DTC di-
rectly controls the stator flux and electromagnetic torque with-
out inner current loops. This provides a simplified architecture,
excellent robustness, and fast dynamic responses [4]. How-
ever, traditional DTC suffers from large torque and flux ripples,
which limit its application in high-precision scenarios. Re-
cently, model predictive control (MPC) has emerged as a highly
effective control strategy in motor drives. It features an intu-
itive concept, fast dynamic responses, and the easy handling of
multivariable constraints [5, 6]. Model predictive current con-
trol (MPCC) and model predictive torque control (MPTC) are
the two main categories of MPC [7, 8]. Compared to MPCC,
MPTC preserves the excellent transient capability of DTC.
However, the torque and stator flux variables in the MPTC cost
function have different units and magnitudes. Consequently,
MPTC performance depends heavily on the careful tuning of
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weighting factors [9]. This tuning process often relies on empir-
ical trial-and-error procedures and lacks systematic theoretical
guidance, which severely limit the control accuracy and robust-
ness of MPTC under complex operating conditions [10]. To
address this issue, ranking-based strategies [11] and fuzzy deci-
sion logic [12] have been introduced. However, these methods
significantly increase the computational burden and implemen-
tation complexity. Additionally, offline-tuned fixed weighting
factors struggle to maintain optimal performance across the en-
tire operation range due to the strong coupling of motor states
[13]. An online optimization scheme based on torque ripple
minimization was proposed in [14], but its performance de-
pends heavily on accurate motor parameters. To eliminate the
tedious tuning of weighting factors entirely, model predictive
flux control (MPFC) was introduced [15]. MPFC converts the
reference torque and stator flux amplitude into an equivalent
reference stator flux vector. Therefore, the constraints in the
cost function have the same units and magnitudes. This strat-
egy eliminates the weighting factors while inheriting the fast
dynamic responses and low torque ripples of MPTC [16]. Al-
though MPFC inherently eliminates weighting factors, its con-
trol performance relies heavily on the accuracy of the predictive
model. In practical applications, factors such as temperature
drift, magnetic saturation, and measurement errors inevitably
cause parameter mismatches [17]. These parameter variations
and unmodeled dynamics act as lumped disturbances. They
cause prediction errors in the stator flux, which leads the sys-
tem to selecting non-optimal voltage vectors during the sam-
pling period. To address this, existing studies frequently utilize
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parameter identification [18] or disturbance observers [19–21].
Despite these improvements, traditional MPFC still faces in-
herent limitations. The calculation of the equivalent stator flux
reference depends heavily on the precise knowledge of the per-
manent magnet (PM) flux. Furthermore, parameter variations
easily disturb the calculation of the reference load angle, which
degrades the overall steady-state accuracy of the PMSM sys-
tem. Moreover, the steady-state performance of conventional
MPFC is limited because a standard two-level inverter only
provides eight basic voltage vectors [22]. To overcome this
limitation, virtual voltage vectors (VVVs) were introduced in
[23]. The synthesis of virtual vectors expands the finite control
set, providing more candidate vectors for cost function evalua-
tion. Discrete space vector modulation (DSVM) is an effective
synthesis strategy, but it introduces a massive computational
burden due to candidate vector enumeration [24]. Researchers
have explored various methods to balance computational over-
head and control performance. For example, a deadbeat prin-
ciple was used in [25] to estimate the reference vector and lo-
cally evaluate only three adjacent vectors in the space vector
plane. In [26], auxiliary lines were introduced to streamline the
optimization process. Although these methods reduce the num-
ber of iterations, they are heavily coupled with deadbeat algo-
rithms. This coupling reduces the system’s robustness against
parameter disturbances and complicates the control logic. To
alleviate the high computational complexity associated with the
expanded virtual vector set in DSVM, various pre-selection and
search-reduction strategies have been investigated in recent lit-
erature. For instance, a highly efficient voltage vector selec-
tion method was proposed in [27] for induction motor drives.
By utilizing the boundary positions of the unconstrained opti-
mal voltage vector, it mathematically reduces the candidate set
from 38 to 15 vectors without sacrificing any suboptimality,
while also optimizing the switching frequency. To address the
aforementioned challenges, this paper proposes a discrete space
vector modulation model predictive flux control with a refor-
mulated incremental cost function and efficient search strategy
(RLDSVM-MPFC) for SPMSM. By redefining the d-axis ref-
erence flux vector, the proposed method eliminates the depen-
dence of conventional MPFC on PM flux parameters. On this
basis, a new cost function of flux increments is reconstructed
to reduce control complexity. A spatial flux vector plane is uti-
lized to intuitively analyze the flux variations induced by differ-
ent switching states. To mitigate the steady-state errors caused
by a limited control set, virtual flux vectors are introduced to
expand the candidate set. Concurrently, to alleviate the ensu-
ing computational burden, a three-stage hierarchical optimiza-
tion scheme is formulated. Rapid optimal vector selection is
achieved by the real-time iteration of the cost function. The
primary contributions of this research are summarized below:

1) In the proposed RDSVM-MPFC strategy, the d-axis ref-
erence flux is redefined. This makes the system reference
values independent of the PM flux. Consequently, it ef-
fectively enhances system robustness against PM param-
eter variations. Furthermore, the traditional C-MPFC cost
function includes multiple variables, such as stator flux,
voltage, and current. To address this, a new cost function

is reconstructed using only flux increments, which signif-
icantly reduces control complexity.

2) The control set in C-MPFC contains only 8 vectors. This
limitation causes severe steady-state torque ripples, flux
ripples, and current distortion. To mitigate these issues,
the proposed RDSVM-MPFC employsDSVM technology
to expand the VFIVs. The expanded set contains 38 can-
didate fluxes. By applying the virtual flux vector plane to
the new cost function, the optimal flux incremental vector
can be intuitively selected. This method effectively sup-
presses steady-state errors and current distortion.

3) To alleviate the computational burden and sluggish dy-
namic response caused by the massive virtual flux control
set, a three-stage optimal selection strategy is proposed.
Stage 1: Six typical VFIVs from six sectors are evaluated
in the reconstructed cost function to determine the opti-
mal sector. Stage 2: Two basic flux incremental vectors
within this sector are evaluated to identify the optimal tri-
angle. Stage 3: All vectors within the optimal triangle are
evaluated sequentially to determine the global optimal flux
incremental vector.

The rest of this paper is organized as follows. The mathemat-
ical representation of the SPMSM and the fundamentals of C-
MPFC are established in Section 2. The theoretical framework
and implementation specifics of the proposed RDSVM-MPFC
strategy are detailed in Section 3. Experimental results validat-
ing the effectiveness of the proposed strategy are provided in
Section 4. Finally, the conclusions are drawn in Section 5.

2. MATHEMATICALMODELOF SPMSMANDC-MPFC
Within the d-q axis reference frame, the stator voltage for an
SPMSM can be formulated as follows:

ud = Rsid − ωeψq +
dψd
dt

uq = Rsiq + ωeψd +
dψq
dt

(1)

The stator flux expressions are given by:

ψd = Ldid + ψf

ψq = Lqiq
(2)

where ud, uq , id, iq , ψd, andψq denote the d-q axis components
of the stator voltage, current, and flux linkage, respectively. ωe
is the electrical angular velocity of the rotor; Rs is the stator
resistance; ψf is the PM flux; and Ld, Lq are the d-q axis stator
inductances.
In SPMSMs, render the d-q axis inductances identical (Ld =

Lq = Ls). Consequently, the electromagnetic torque equation
is simplified to:

Te =
3

2
pnψf iq (3)

where pn is the number of pole pairs.
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The stator flux at the k+1 instant is predicted by applying the
first-order forward Euler approximation to (1). The following
discrete-time state-space model is thus obtained:

ψdq(k + 1) =

[
ψd(k + 1)
ψq(k + 1)

]
=

[
ψd(k) + Tsωeψq(k)−RsTsid(k) + Tsud(k)
ψq(k)− Tsωeψd(k)−RsTsiq(k) + Tsuq(k)

]
(4)

where ψd(k+1) and ψq(k+1) are the d-q axis components of
the stator flux at the k+ 1 instant, and Ts is the control period.
An alternative representation for the electromagnetic torque

model of the SPMSM is formulated as:

Te =
2Pn
3Ls

|ψf | × |ψs| sinδ (5)

Adopting id = 0 control method, the stator flux ψrefs is de-
termined by:

∣∣ψrefs

∣∣ =
√
ψ2
f + (

2T refe Lq
3npψf

)2 (6)

The reference load angle θrefs can be expressed as:

θrefs = arcsin

(
LsT

ref
e

1.5pnψfψ
ref
s

)
(7)

The reference stator flux ψrefs is decomposed into d-q axis

components, denoted asψrefd andψrefq , which can be expressed
as:

ψrefs =

[
ψrefd

ψrefq

]
=

[ ∣∣ψrefs

∣∣ cos θrefs∣∣ψrefs

∣∣ sin θrefs

]
(8)

Owing to the one-step delay inherent in digital control
systems, delay compensation is applied to (4) as follows:

[ψs(k + 2)] =

[
ψd(k + 2)
ψq(k + 2)

]
=

[
ψd(k + 1) + Tsωeψq(k + 1)−RsTsid(k + 1) + Tsud(k + 1)
ψq(k + 1)− Tsωeψd(k + 1)−RsTiq(k + 1) + Tsuq(k + 1)

]
(9)

The cost function utilized in CMPFC is established as:

g =
∣∣ψ∗
dq − ψdq(k + 2)

∣∣2 (10)

3. THE PROPOSED RDSVM-MPFC STRATEGY

3.1. Redefinition of Reference Flux and Reformulated Cost
Function
The performance of C-MPFC is heavily reliant upon the preci-
sion of PM fluxψf estimation. In C-MPFC, the reference stator
flux ψrefs is constructed directly from ψf as the core bench-
mark. However, during real-world motor operation, ψf read-
ily undergoes deviations due to temperature elevation and mag-
netic saturation, thereby influencing the precise synthesis of the
reference flux. Such parameter mismatches inevitably intro-
duce inaccuracies in reference load-angle computation, which
in turn diminish both the steady-state accuracy and overall ro-
bustness. Moreover, the prediction model expressed in (4) in-
corporates coupled terms involving the stator flux, voltages,
currents, and stator resistance. In response to these challenges,
this paper reformulates the references stator flux to eliminate
dependence on ψf and introduces a new cost function formu-
lated exclusively in terms of flux increments, thereby strength-
ening robustness to ψf parameter variations while streamlining
the entire control process.
Based on (4), the predictive expression can be reorganized

as:

ψdq(k + 1) =

[
ψd(k + 1)
ψq(k + 1)

]

=

[
ψd(k) + Tsωeψq(k)−RsTsid(k) + Tsud(k)
ψq(k)− Tsωeψd(k)−RsTsiq(k) + Tsuq(k)

]
(11)

where ψdss = ψd − ψf , ψdss is the new d axis reference flux.
Given that the PM flux ψf remains invariant within a single

control cycle, (11) can be reformulated as:

ψdqs(k + 1) =

[
ψds(k + 1)
ψqs(k + 1)

]

=

[
ψdss(k)+Tsωeψq(k)−RsTs ψdss(k)

Ls
+Tsud(k)

ψq(k)−Tsωe(ψdss(k)+ψf )−Rs

Ls
ψq(k)Ts+Tsuq(k)

]
(12)

where ψdqs(k+ 1) is the new predicted stator flux at the k+ 1
instant.
The initial state of the stator flux at the k instant, denoted as

ψdq0(k), is formulated as:

ψdq0(k) =

[
ψd0(k)
ψqo(k)

]

=

[
ψdss(k) + Tsωeψq(k)−RsTs

ψdss

Ls
(k)

ψq(k)− Tsωe(ψdss(k) + ψf )− Rs

Ls
ψq(k)Ts

]
(13)

Throughout the duration of the sampling period Ts, d-q axis
flux increment ∆ψdq(k) is generated by the application of the
stator voltage vector us at the kth instant. This increment is
expressed as:

∆ψdq(k) = Ts

[
ud(k)
uq(k)

]
(14)

Consequently, (12) can be rewritten as:

ψdqs(k + 1) = ψdq0(k) + ∆ψdq(k) (15)
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Introducing a one-step computational delay, the prediction
for the stator flux at the k + 2 instant is projected as:

ψdqs(k + 2) = ψdq0(k) + ∆ψdq(k + 1) (16)

Thus, cost function (10) is replaced with the newly con-
structed flux variables as follows:

g =
∣∣∣ψrefdqs − ψdqs(k + 2)

∣∣∣2 (17)

By inserting (16) into (17), obtain the following expression:

g =
∣∣∣ψrefdqs − ψdq0(k)−∆ψdq(k + 1)

∣∣∣2 (18)

The flux increment ∆ψrefdqs demanded by the initial flux

ψdq0(k) to follow the reference stator flux ψrefdqs can be ex-
pressed as

∆ψrefdqs = ψrefdq − ψdq0(k) (19)
Substituting (19) into (18), the incremental flux cost function

based on the reselected control variables can be obtained as:

C =
∣∣∣∆ψrefdqs −∆ψdq(k + 1)

∣∣∣2 (20)

By reformulating the reference flux ψrefdss control variables,
indirect control of the d-axis flux is achieved. This circum-
vents the incorporation of the ψf into the reference calculation,
thereby eliminating the inherent dependence of the C-MPFC on
ψf and the associated calculation errors of the reference load
angle. It fundamentally resolves the PM flux parameter mis-
match and the resultant lack of robustness found in traditional
methods. Notably, the core of the proposed reformulation strat-
egy lies in eliminating the sensitivity to real-time fluctuations
of the PM flux linkageψf during motor operation. The value of
ψf is obtained from the real-time flux estimation of the motor
model. It does not depend on the initial value of ψf . More-
over, the newly formulated cost function substitutes the track-
ing of absolute flux errors with the tracking of flux increments.
This strategy reduces control complexity and accelerates sys-
tem response, while concurrently providing a direction for the
subsequent selection of flux vectors.

3.2. Construction of Spatial Flux Increment Plane
To perform flux vector selection intuitively and efficiently, this
paper introduces the spatial flux increment plane. The 8 switch-
ing states of the inverter Sn (000, 100, 110, 010, 011, 001, 101,
and 111) correspond to eight basic flux increments in the spa-
tial plane. The flux increments ∆ψn under each state can be
calculated as follows:

∆ψn =

[
∆ψd
∆ψq

]
=

[
ud
uq

]
· Ts =

2

3
VdcTs

·
[
cos θr cos

(
θr − 2π

3

)
cos
(
θr +

2π
3

)
− sin θr − sin

(
θr − 2π

3

)
− sin

(
θr +

2π
3

) ]·
SaSb
Sc

 (21)
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FIGURE 1. Spatial flux increment plane.

In the stationary coordinate system, the spatial flux increment
plane is illustrated in Fig. 1.
Given the reference flux increment ∆ψrefs , the evaluation

process of the cost function is simplified to compute the ge-
ometric distance between the reference flux increment and the
candidate basic flux increments. As shown in the figure, the ge-
ometric distance between ∆ψrefs and ∆ψn represents the cost
function value gn (n = 0, 1 . . . 7). For instance, ∆ψ1 is the
basic flux increment with the minimum distance error to the
given reference flux increment ∆ψrefs . Therefore, g1 serves
as the optimal output solution of the cost function, and ∆ψ1 is
selected as the optimal switching state applied at the k + 1 in-
stant. The introduction of the spatial plane makes the screening
logic of voltage vectors intuitive, reducing the computational
complexity of the system.

3.3. DSVM Virtual Flux Increment
Although the plane search in the flux increment plane is effi-
cient, since the control set of basic flux increments contains
only 8 finite vectors, the limited control set inevitably intro-
duces non-negligible selection errors during the optimal solu-
tion screening process. This error maps into the time domain as
pronounced torque ripples and increased current harmonics dis-
tortion. To address this, this paper proposes the concept of Dis-
crete Space Vector Modulation Virtual Flux Increment vectors
(VFIVs). By synthesizing new increment directions within the
spatial plane, the original control set of 8 basic flux increments
is expanded to 38. The VFIVs can reduce the total harmonic
distortion (THD). The distribution of the VFIVs is illustrated
in Fig. 2.
The unified expression for the VFIVs set can be expressed

as:

∆ψvir =

3∑
i=1

xi∆ψn (22)

where n = 0, 1, . . . 7, xi ∈ {0, 13 ,
2
3},
∑
xi = 1.

The synthesis mechanisms for virtual flux increment are cat-
egorized as follows:
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TABLE 1. Virtual flux increments vectors synthesized by real flux increment vectors.

VFIV
Synthesis of actual

flux increment vectors
VFIV

Synthesis of actual
flux increment vectors

∆ψ8 (∆ψ1 + 2∆ψ0)/3 ∆ψ9 (∆ψ2 + 2∆ψ0)/3

∆ψ10 (∆ψ3 + 2∆ψ0)/3 ∆ψ11 (∆ψ4 + 2∆ψ0)/3

∆ψ12 (∆ψ5 + 2∆ψ0)/3 ∆ψ13 (∆ψ6 + 2∆ψ0)/3

∆ψ14 (2∆ψ1 +∆ψ0)/3 ∆ψ16 (2∆ψ2 +∆ψ0)/3

∆ψ18 (2∆ψ3 +∆ψ0)/3 ∆ψ20 (2∆ψ4 +∆ψ0)/3

∆ψ22 (2∆ψ5 +∆ψ0)/3 ∆ψ24 (2∆ψ6 +∆ψ0)/3

∆ψ15 (∆ψ1 +∆ψ2 +∆ψ0)/3 ∆ψ17 (∆ψ2 +∆ψ3 +∆ψ0)/3

∆ψ19 (∆ψ3 +∆ψ4 +∆ψ0)/3 ∆ψ21 (∆ψ4 +∆ψ5 +∆ψ0)/3

∆ψ23 (∆ψ5 +∆ψ6 +∆ψ0)/3 ∆ψ25 (∆ψ6 +∆ψ1 +∆ψ0)/3

∆ψ26 (2∆ψ1 +∆ψ2)/3 ∆ψ27 (∆ψ1 + 2∆ψ2)/3

∆ψ28 (2∆ψ2 +∆ψ3)/3 ∆ψ29 (∆ψ2 + 2∆ψ3)/3

∆ψ30 (2∆ψ3 +∆ψ4)/3 ∆ψ31 (∆ψ3 + 2∆ψ4)/3

∆ψ32 (2∆ψ4 +∆ψ5)/3 ∆ψ33 (∆ψ4 + 2∆ψ5)/3

∆ψ34 (2∆ψ5 +∆ψ6)/3 ∆ψ35 (∆ψ5 + 2∆ψ6)/3

∆ψ36 (2∆ψ6 +∆ψ1)/3 ∆ψ37 (∆ψ6 + 2∆ψ1)/3
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FIGURE 2. Spatial distribution of flux increment.

1) The first category of virtual flux increment vectors is a
linear combination of a basic flux increment vector and a
flux increment vector generated by zero voltage, such as
∆ψ8 and ∆ψ9.

2) The second category of virtual flux increment vectors is
synthesized by the linear combination of two adjacent ba-
sic flux increment vectors. For example, ∆ψ26 and ∆ψ27
are linearly combined from∆ψ1 and∆ψ2, and so forth.

3) The third category of virtual flux increment vectors is a
linear combination of two adjacent virtual flux increment
vectors and a flux increment vector generated by zero volt-
age, like ∆ψ15 or ∆ψ17.

Based on the synthesis rules introduced above, the remaining
VFIVs can also be synthesized. Table 1 details the synthesis
specifics for all VFIVs.

3.4. Proposed Three-Stage Hierarchical Optimization Strategy
To balance the contradiction between the improved control pre-
cision brought by virtual flux increment expansion and aggra-
vated computational burden, this paper proposes a selection
strategy based on three-stage hierarchical optimization.
Stage I, 6 typical virtual flux increment vectors ∆ψn (n =

15, 17, 19, 21, 23, 25) are selected as the initial control set.
By applying the cost function minimization criterion, the sec-
tor (I-VI) where the optimal vector resides is rapidly identified,
thereby roughly demarcating the interval range of the optimal
solution.
Stage II, taking the optimal vector determined in Stage I as a

benchmark, if the optimal vector from Stage I is∆ψ15, two ad-
jacent basic flux increment vectors, ∆ψ1 and ∆ψ2, in the cor-
responding Sector I are selected for cost function evaluation.
Based on the evaluation results, the search range is further nar-
rowed down, retaining only the 6 candidate vectors within the
targeted triangular region.
Stage III, following the selection strategies of Stage I and

Stage II, the globally optimal flux increment vector is con-
fined to a single right-angled triangle. For example, if the lo-
cal optimal vector from Stage II is ∆ψ2, the candidate vectors
∆ψ,∆ψ2,∆ψ7∆ψ9,∆ψ15,∆ψ16, and∆ψ27 within that right-
angled triangle are sequentially substituted into the cost func-
tion to determine the globally optimal flux increment vector that
minimizes the cost.
Through the proposed efficient selection process of flux in-

crement vectors, only 13 candidate flux vector increments need
to be evaluated in a single control period. Compared to eval-
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FIGURE 3. The optimization process of flux increment.

uating all 38 candidate voltage vectors, this strategy signifi-
cantly alleviates the computational burden on the system and
improves system response speed, and the diagram of the opti-
mization process is shown in Fig. 3. Finally, the control block
diagram of the proposed RDSVM-MPFC is illustrated in Fig. 4.

4. EXPERIMENTAL RESULTS AND CONCLUSION
To evaluate the practical performance of the proposed control
strategy, a hardware-in-the-loop testbench based on RT-LAB
was established, as depicted in Fig. 5. A TMS320F2812 digital
signal processor (DSP) serves as the controller for this test sys-
tem, while the SPMSM, inverter, and associated parameters are
emulated by the RT-LAB simulator. The nominal parameters of

-
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FIGURE 4. Block diagram of RDSVM-MPFC control system.

TABLE 2. Parameters of SPMSM.

Parameters Values Unit
Stator resistance (Rs) 0.15 Ω

Stator inductance (Ls) 1.625 (H)
Moment of inertia (J) 4.78e-3 (kg · m2)
Rated torque (TN ) 15 (N · m)
PM flux (Wb) 0.1 (Wb)

DC bus voltage (Udc) 300 (V)
Pole pairs (Pn) 4

the motor are detailed in Table 2. In this experiment, the sam-
pling and control period Ts is set to 100µs, which corresponds
to a sampling frequency of 10 kHz.
In the experiments, the proposedDiscrete SpaceVectorMod-

ulation Model Predictive Flux Control (RDSVM-MPFC) and
Reformulated Cost FunctionModel Predictive Flux Control (R-
MPFC) are strictly compared with the conventional Model Pre-
dictive Flux Control (C-MPFC) in [16]. All comparisons are
performed under identical parameters.

4.1. Steady-State Experimental Analysis
The waveforms acquired from the execution of the C-MPFC,
R-MPFC, and the proposed RDSVM-MPFC algorithms are dis-
played in Fig. 6. In the steady-state experiments of Section
4.1, these analyses were conducted under the operating con-
ditions of a target speed of 1000 r/min and a load torque of
10N ·m. Within each subplot, the waveforms corresponding to
rotor speed, stator flux magnitude, electromagnetic torque, and
phase-A current are arranged sequentially from top to bottom.
Based on the observations from Fig. 6, under steady-state op-

eration, the proposed RDSVM-MPFC achieves a 62.5% reduc-
tion in torque ripple and a 66% reduction in flux ripple relative
to the C-MPFC. This performance enhancement stems primar-
ily from the extended virtual flux-increment vectors (VFIFs)
together with the efficient search strategy proposed in this pa-
per, both of which markedly strengthen the overall steady-state
performance. In addition, the R-MPFC achieves steady-state
performance identical to that of the C-MPFC. This confirms
that the reselection of reference flux variables exerts no influ-
ence on control performance.
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FIGURE 5. RT-LAB experiment platform. (a) Hardware t layout. (b) RT-LAB hardware-in-the-loop architecture.
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FIGURE 6. Steady-state experimental waveforms. (a) C-MPFC. (b) R-MPFC. (c) RDSVM-MPFC.

4.2. PM Flux Step Experimental Analysis

Figure 7 illustrates the sensitivity tests of the three strategies to
variations in the PM flux ψf . In the first group of experiments,
based on a nominal value of 0.1Wb, ψf increases by 15% at
0.2 s and decreases by 15% at 0.7 s. Additionally, in the sec-
ond group of experiments, based on a nominal value of 0.1Wb,
ψf increases by 30% at 0.2 s and decreases by 30% at 0.7 s.
As shown in Fig. 7(a), the average d-axis current deviates, and
the phase-A current magnitude changes in C-MPFC when ψf
varies. This indicates that C-MPFC performance is highly de-

pendent on permanent magnet parameters. Conversely, for the
R-MPFC strategy in Fig. 7(b), phase-A and d-axis currents re-
main constant during ψf fluctuations. Since the reconstructed
flux reference in R-MPFC is independent of ψf , the phase-
A current, d-axis current, and torque are nearly unaffected,
achieving offset-free tracking. Furthermore, in Fig. 7(c), the
proposed RDSVM-MPFC strategy inherits the robustness of
R-MPFC against ψf variations. It significantly reduces d-axis
current ripple and only requires smaller three-phase currents to
reach rated torque and rated speed.
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FIGURE 7. Experimental waveforms under PM flux step variations (a) C-MPFC. (b) R-MPFC. (c) RDSVM-MPFC.
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FIGURE 8. Dynamic experimental waveforms. (a) C-MPFC. (b) R-MPFC. (c) RDSVM-MPFC.
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TABLE 3. Comparison of stator flux ripple, torque ripple, and THD.

Conditions Methods
Flux ripple

(Wb)
Torque ripple

(N · m)
THD (%)

n = 1000 r/min
Tn = 10 N · m

C-MPFC 0.0053Wb 1.6 N · m 5.73%
R-MPFC 0.0050Wb 1.58 N · m 5.68%

RDSVM-MPFC 0.0018Wb 0.6 N · m 2.08%

4.3. Dynamic Experiment Analysis
As shown in Fig. 8, the dynamic test conditions is a no-load
startup. The system reaches a rated speed of 1000 r/min and
a rated torque of 10N · m at 0.1 s. At 0.2 s, the speed accel-
erates to 1500 r/min. Finally, the load increases to 15N · m at
0.3 s. The speed response performance is similar across all three
control methods. The speed and torque dynamic responses of
C-MPFC and R-MPFC are nearly identical. This demonstrates
that redefining the reference flux does not degrade dynamic pre-
dictive performance. In contrast, the proposed RDSVM-MPFC
produces a more stable phase-A current waveform with lower
distortion and lower THD.
Experimental results indicate that R-MPFC eliminates pa-

rameter mismatches caused by ψf variations without degrad-
ing predictive performance. As indicated in Table 3, the pro-
posed RDSVM-MPFC inherits this robustness while further
reducing d-axis current ripple, torque ripple, stator flux rip-
ple, and THD. Table 4 presents a computational complexity
comparison among different methods. The benchmarks in-
clude the C-MPFC strategy with virtual space modulation with-
out the selection algorithm and the PTC-DSVM strategy from
[26]. As indicated in Table 4, the execution time of the pro-
posed RDSVM-MPFC strategy is reduced by 45.26% com-
pared to the C-MPFC strategy without selection processing.
Meanwhile, its execution time is comparable to that of the PTC-
DSVMmethod in the literature. This validates the effectiveness
of the three-stage selection strategy and further reduces system
computational complexity.

TABLE 4. Computational complexity comparison and execution time.

Methods Execution Time reduction
C-MPFC 8483µs /

PTC-DSVM 4425µs 47.8%
RDSVM-MPFC 46.43µs 45.26%

5. CONCLUSION
To address the permanent magnet (PM) flux parameter sensi-
tivity and high steady-state ripples in conventional model pre-
dictive flux control (C-MPFC), this paper proposes a discrete
space vector modulation model predictive flux control with a
reformulated incremental cost function and an efficient search
strategy for SPMSM (RDSVM-MPFC). Based on the research
and experimental results, the primary conclusions are as fol-
lows:
1) In the proposed RDSVM-MPFC strategy, the d-axis refer-

ence flux is redefined. The cost function is reformulated using

flux increments, ensuring that the reference values are indepen-
dent of the PM flux. This effectively enhances system robust-
ness against parameter variations and reduces control complex-
ity. Compared to C-MPFC, the d-axis current ripple is reduced
by 60%.
2) To resolve the large torque and flux ripples in C-MPFC,

the proposed RDSVM-MPFC utilizes discrete space vector
modulation to expand the set of Virtual Flux Incremental Vec-
tors (VFIVs). Steady-state experimental results show that this
strategy significantly suppresses flux and torque pulsations
while reducing total harmonic distortion (THD). Compared
with C-MPFC, the torque ripple is reduced by 62.5%, flux rip-
ple reduced by 66%, and THD reduced by 63.7%.
3) To mitigate the computational burden and potential dy-

namic delays caused by the large VFIVs, a three-stage optimal
selection strategy is proposed. This method reduces the num-
ber of required VFIV evaluations by 34%. Experimental results
verify that the proposedmethodmaintains the same dynamic re-
sponse speed and similar execution time to C-MPFC, proving
the effectiveness of the theory.
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