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Abstract—The utilization of the explicit model predictive (EMP)
control method for direct speed control (DSC) of permanent mag-
net synchronous motors (PMSMs) achieves high-bandwidth speed
control and excellent dynamic performance. However, the com-
monly used regular hexagonal current and voltage constraints
restrict the motor’s operational region, resulting in a narrow speed
range and low load capacity. In addition, the conventional formula-
based field-weakening method leads to undesirable allocation of
d- and q-axis currents, reducing the degree of freedom in ad-
justing the motor’s operating point. These drawbacks restrict the
EMP-DSC method’s application in the motor’s extreme operation.
Therefore, this article proposes an expanded limit boundary EMP-
DSC method to realize cascade-free speed control with a wider
speed range and higher load capacity. First, the proposed method
constructs irregular hexagonal constraints, expanding the limit
boundary of the motor’s operational region in the id–iq plane to
broaden the speed and load ranges simultaneously. Then, based on
these new constraints, an easily implementable optimal-trajectory
field-weakening method is skillfully designed to optimize the cur-
rent distribution, maintain the operating point near the optimal
position, and improve field weakening performance. The proposed
method enhances the competitiveness of EMP control in motor
servo drive fields, and its feasibility is verified by experiments.

Index Terms—Direct speed control (DSC), explicit model
predictive (EMP) control, field weakening control, permanent
magnet synchronous motor (PMSM).

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) are
widely used in advanced servo drive fields, such as drones,

electric vehicles, and robotics, by virtue of their high power

Manuscript received 3 June 2023; revised 23 November 2023; accepted 24
January 2024. Date of publication 29 January 2024; date of current version
20 March 2024. This work was supported in part by the Major Program of
National Natural Science Foundation of China under Grant 51991384, in part
by the Key Program of National Natural Science Foundation of China under
Grant 52237003, and in part by Zhejiang Provincial “Pioneer” and “Leading
Goose” R&D Program of China under Grant 2023C01178. Recommended for
publication by Associate Editor J.B. He. (Corresponding author: Tingna Shi.)

Mengyuan Zhao, Yanfei Cao, Chen Li, and Tingna Shi are with the Col-
lege of Electrical Engineering, Zhejiang University, Hangzhou 310027, China,
and also with the Zhejiang University Advanced Electrical Equipment Inno-
vation Center, Hangzhou 311107, China (e-mail: zhaomengyuan@zju.edu.cn;
caoyanfei@zju.edu.cn; lichen_hz@zju.edu.cn; tnshi@zju.edu.cn).

Zhiqiang Wang is with the School of Electrical Engineering, Tiangong Uni-
versity, Tianjin 300387, China (e-mail: wangzhiqiang@tiangong.edu.cn).

Changliang Xia is with the School of Electrical Engineering, Tiangong Uni-
versity, Tianjin 300387, China, and also with the College of Electrical Engineer-
ing, Zhejiang University, Hangzhou 310027, China (e-mail: motor@tju.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3359283.

Digital Object Identifier 10.1109/TPEL.2024.3359283

density, good dynamic performance, and high reliability [1]. The
growing demand for PMSMs’ excellent dynamic and steady-
state performance, expanded speed range, and enhanced load
capacity is evident [2].

The classic PMSM speed control adopts the field-oriented
control with a cascade structure, where the output of the speed
outer loop serves as the reference input for the current inner
loop [3], [4]. Over the years, cascaded control has been success-
fully used in various industrial applications. However, dual-loop
cascaded control suffers from the following drawbacks: First,
it is challenging to achieve multivariable coordinated optimal
control due to the independent single-input and single-output
controllers that separately control the speed, d-axis current,
and q-axis current [5], [6]. Second, the constraint handling
method of limiting the controller’s output by upper and lower
constraints usually leads to nonoptimal control quantities [7].
Third, the outer loop’s bandwidth is generally much smaller
than the inner loop, resulting in a limited dynamic performance
of the speed [8], [9], [10]. To overcome these shortcomings of
the traditional cascaded control, the cascade-free direct speed
control (DSC) for PMSMs has become a hot topic in high-
performance servo drives with high research value and practical
significance [11].

Explicit model predictive (EMP) control has a powerful ca-
pability to handle constraints and exhibits excellent dynamic
performance. It is highly suitable for cascade-free DSC of
PMSMs because it allows for multivariable collaborative control
using a single controller with adjustable weighting factors [7],
[12]. EMP control was proposed by Bemporad in 2002 to
reduce the online computational burden of the model predictive
control (MPC), making it applicable to systems with higher
control frequency [13]. Like MPC, EMP control constructs the
optimal control problem based on the following three elements:
the predictive model, the cost function, and constraints. The
difference is that EMP control converts the optimal problem
needed to be solved online at each control period in MPC into a
multiparameter quadratic programming (MPQP) problem that
can be presolved offline, significantly reducing the real-time
calculation [14]. Specifically, the EMP algorithm divides the
state space into a finite number of critical regions (CRs), calcu-
lating the optimal control law corresponding to each CR based
on the Karush–Kuhn–Tucker conditions offline. The resulting
optimal control law is an explicit and continuous piecewise
affine function of the states. During real-time operation, it
is only necessary to determine the CR to which the current
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states belong and invoke the corresponding optimal control
law [15].

The existing EMP-DSC methods can achieve cascade-free
speed control of PMSMs, providing effective current and voltage
constraints and excellent dynamic performance [16], [17], [18],
[19], [20]. The design process and core techniques for con-
structing a direct speed controller based on the EMP algorithm
were first proposed in [16] to improve the dynamic performance
of speed control. A Kalman filter was used to improve the
load operation performance of the EMP-DSC system in [17],
and an extended state observer (ESO) was used to enhance
the disturbance rejection capability of the EMP-DSC system
in [18]. To achieve field-weakening operation in EMP-DSC,
Mynar et al. [19] provided a novel linearization method to
preserve the critical information necessary for field-weakening
operation. This method allows for the natural generation of
negative id at high speeds. But this method somewhat reduces
the ids control capability. A formula-based field-weakening
method was presented in [20], in which the calculated reference
value of id was augmented into the state vector, and the field
weakening operation was realized by tracking control of id.
Both the methods provided in [19] and [20] can achieve PMSM’s
cascade-free field-weakening operation and hold significant aca-
demic value. However, their research on extreme operations,
such as high-speed and heavy-load is still in the early stages,
with further optimization potential in terms of the speed range,
load capacity, and allocation of d- and q-axis currents.

To this end, this article analyzes the limitations of the existing
EMP-DSC method and then fully combines the mechanism of
PMSM’s field-weakening operation and the working principles
of the EMP algorithm to propose an EMP-DSC method with
an expanded limit boundary. The main contributions of the
proposed method are summarized as follows.

1) The proposed method constructs irregular hexagonal cur-
rent and voltage constraints. Use three constraint segments
in the commonly used quadrant of the id–iq plane to
approximate the limit circle and use only one segment to
replace the limit circle in the other quadrants, which broad-
ens the reachable range of voltage and current vectors
and expands the limit boundary of the motor’s operational
region. This simultaneously results in an expanded speed
regulation range and increased load-carrying capacity in
the entire speed range, including the constant torque and
field weakening regions.

2) The proposed method designs an easily implementable
optimal-trajectory field-weakening method with the help
of the newly proposed voltage constraints. This method
can comprehensively consider the dual requirements of
speed tracking and load balancing while satisfying the dual
constraints of current and voltage. The degree of freedom
in adjusting the motor’s operating point is increased, and
the motor’s actual operating point is maintained near the
optimal position, optimizing the current allocation. On the
one hand, the minimal id required to maintain the corre-
sponding speed is utilized during high-speed light-load
conditions. On the other hand, as the load changes, the d-
and q-axis currents can adaptively adjust simultaneously

Fig. 1. Conventional regular hexagonal voltage and current constraints of the
existing EMP-DSC methods.

to ensure that the id–iq plane’s current control trajectory
follows the optimal trajectory, reaching the maximum load
at the corresponding speed.

The rest of this article is organized as follows. Section II
analyzes the limitations of the existing EMP-DSC method.
Section III proposes the new expanded limit boundary EMP-
DSC method with irregular hexagon constraints and optimal-
trajectory field-weakening method. Section IV provides per-
formance analysis and stability proof of the proposed method.
Section V develops the experiments. Finally, Section VI con-
cludes this article.

II. PERFORMANCE ANALYSIS OF THE EXISTING

EMP-DSC METHOD

A. Motor Operational Region Under the Conventional
Regular Hexagon Constraints

During the operation of a PMSM, current and voltage con-
straints must be imposed due to limitations, such as inverter
capacity and dc-bus voltage. The nonlinear equations for the
current and voltage limit circles are as follows:{

i2d + i2q ≤ I2max

u2d + u2q ≤ U2
max

(1)

where id, iq, and ud, uq are the d- and q-axis stator currents
and voltages, respectively; Imax and Umax are the maximum
allowable current and voltage, respectively.

Because EMP algorithms require transforming nonlinear con-
straints into linear constraints, the existing EMP-DSC method
commonly uses the inscribed regular hexagons to approximate
the motor’s current and voltage limit circles, as shown in Fig. 1.
EMP control can directly impose constraints on states and their
linear combinations, so the conventional regular hexagonal volt-
age and current constraints are, respectively, represented by a set
of linear equations in matrix form

Avc

[
ud(k)
uq(k)

]
≤ Umax ·E,Aic

[
id(k)
iq(k)

]
≤ Imax ·E (2)

where E = [111111]T; Avc and Aic are conventional voltage
and current constraint matrices

Avc = Aic =

[
1 1 0 0 −1 −1
1√
3

−1√
3

2√
3

−2√
3

1√
3

−1√
3

]T
. (3)
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Fig. 2. PMSM’s operational region and limit boundaries under the conventional regular hexagonal constraints. (a) ω1. (b) ω2 and ω3. (c) ω4.

It should be noted that EMP control directly imposes con-
straints on ud and uq so that the conventional regular hexagonal
voltage constraint locates in the ud–uq plane and is an inscribed
hexagon within the 2-level 3-phase voltage source inverter’s
(VSI’s) linear modulation area, which is different from the
uα − uβ plane’s regular hexagon formed by the VSI’s basic
voltage space vectors.

The traditional technique of approximating limit circles with
inscribed regular hexagons to realize constraints’ lineariza-
tion unavoidably reduces the motor’s operational region. Al-
though this may not affect the motor’s operation at low speeds
and light loads, it severely limits its extreme operating ca-
pabilities, such as speed regulation range and load balancing
range.

Specifically, the use of regular hexagonal constraints restricts
the current and voltage vectors that can be used. For instance, the
voltage vectors terminating at points (ud1, uq1) and (ud2, uq2),
as well as the current vectors terminating at points (id1, iq1) and
(id2, iq2) are no longer reachable. The voltage vectors’ reachable
region in the ud–uq plane’s first quadrant (indicated by the pink
shaded area in Fig. 1) and the current vectors’ reachable region
in the id–iq plane’s second quadrant (indicated by the orange
shaded area in Fig. 1) are both reduced to 82.7% of that under
the circular constraint.

As shown in Fig. 2, PMSM’s voltage and current constraints
are plotted in the id–iq plane simultaneously. The current con-
straint remains fixed, while the voltage constraint shrinks as
speed increases (ω1 < ω2 < ω3 < ω4, where ω is the mechan-
ical angular speed). Because the stator resistive voltage drops
are considered in this article, the voltage limit circle’s center
locates below the id-axis and moves as the speed changes [21],
[22]. The constant torque locus is a line parallel to the id-
axis (Te4 < Te3 < Te2 < Te1, where Te is the electromagnetic
torque). The motor operation must satisfy both current and
voltage constraints. Therefore, the motor’s operational region is
the overlapping area between the current and voltage constraint
polygons in the id–iq plane’s second quadrant (indicated by the
shaded region in Fig. 2), whose boundary is regarded as the
motor’s limit boundary.

In the following, limitations of regular hexagonal constraints
of the existing EMP-DSC method are discussed under the fol-
lowing three typical operating conditions.

1) It can be seen from Fig. 2(a) that when the motor op-
erates in the constant torque region (e.g., ω = ω1), its
operational region is the polygon O–a–C–B. Due to the
id = 0 control strategy, the actual operational region is
line segment O–a, shorter than the operational region line
segment O–A under the circular constraints. Considering
that iq linearly increases as the load increases. The max-
imum achievable iq under regular hexagonal constraints
is 0.866Imax instead of the limit value Imax because the
motor’s operating point is limited to point a (0, 0.866Imax)
and cannot reach point A (0, Imax). Correspondingly, the
maximum available torque in the constant torque region is
limited to Te2 = 0.866ktImax rather than the limit value
Te1 = ktImax (where kt is the torque constant). Hence,
conventional regular hexagonal constraints reduce the mo-
tor’s load-carrying capability in the constant torque region
to 86.6% of that under the circular constraints.

2) It can be seen from Fig. 2(b) that when the motor op-
erates in the field weakening region (e.g., ω = ω2 and
ω = ω3), its operational regions are the polygon O–d’–
e’–C–B and the triangle d–e–B, respectively. The intersec-
tion points between the voltage and current limit circles
are E and E’, while the intersection points between the
voltage and current regular hexagonal constraints are e
and e’. Therefore, even under the ideal condition, the use
of regular hexagonal constraints reduces the maximum
load-carrying capability from Te3’ (Te3) corresponding
to point E’ (E) to Te4’ (Te4) corresponding to point e’
(e) when maintaining speed ω2 (ω3). Similarly, it can be
deduced that conventional regular hexagonal constraints
reduce the ideal maximum load-carrying capability at all
speeds during the field weakening operation.

3) It can be seen from Fig. 2(c) that when ω = ω4, the inter-
section between the current and voltage regular hexagonal
constraints coincides with point B, which indicates that
there is no feasible operational region except for point B
under the existing method so that the motor reaches its
maximum speed ω4. However, the enlarged figure reveals
that the intersection between the voltage and current limit
circles is point b, so a feasible operational region, the
polygon g–b–B, still exists under circular constraints. The
motor can continue accelerating until the intersection point
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Fig. 3. Existing formula-based field-weakening method’s current distribution.

b coincides with point B. Therefore, conventional regu-
lar hexagonal constraints reduce the motor’s maximum
achievable speed and narrow the speed range.

B. d/q-Axis Current Allocation Under the Conventional
Formula-Based Field-Weakening Method

The existing EMP-DSC method employs a formula-based
approach to achieve field-weakening operation. The calculation
formula for the reference value of the field-weakening current
idref is given by [20]

idref = −ψf/L+ Udc/
(√

3Lkeωref

)
(4)

where ψf , L, Udc, and ke are the permanent magnet flux link-
age, stator inductance, dc-bus voltage, and voltage constant,
respectively.

The principle of the conventional formula-based field-
weakening method can be inferred from (4) that when the
back electromotive force reaches its limit, the motor maintains
full-voltage high-speed operation by applying a negative id to
weaken the magnetic field. However, the idref provided by (4)
varies only with speed, remaining constant at a fixed speed
without adaptive adjustments as load changes. In other words,
idref only considers the speed regulation requirement without
accounting for load demands. A detailed analysis will be con-
ducted with the help of Fig. 3.

As shown in Fig. 3, when the motor operates in the field
weakening region at speed ωf , (4) corresponds to the straight
line id = id_f in the id–iq plane, so the id used at speed
ωf remains constant at id_f . When the motor maintains the
speed ωf , the no-load operating point is f ( id_f , 0), and the
maximum load operating point is f∗ ( id_f , iq_f ), indicating that
as the load increases, the operating point reaches f∗ along line
segment f–f∗. The variation range of iq is limited to [0, iq_f ].
However, the optimal no-load operating point at speed ωf is j
( id_j, 0) because point j can keep the same speed ωf with the
minimum id (j is the intersection between the regular hexagonal
voltage constraint and the id-axis, |id_j| < |id_f |). The optimal
maximum-load operating point is e∗ ( id_e, iq_e) because point
e∗ can carry the maximum load ktiq_e at the same speed (e∗

is the intersection between the regular hexagonal voltage and
current constraints, iq_e > iq_f ).

The abovementioned analysis indicates that because the con-
ventional formula-based field-weakening method only consid-
ers the speed regulation requirement without accounting for
load demands, it leads to an undesirable allocation of d- and
q-axis currents, resulting in poor current control trajectories.
This reduces the flexibility in adjusting the motor’s operating
point, causing the actual operating point to deviate from the
optimal position under different speeds and loads. On the one
hand, this leads to a higher id during high-speed and low-load
operations compared to the minimum id required to maintain the
same speed. On the other hand, this results in a smaller actual
load-carrying capability during field weakening operation than
the ideal load-carrying capacity. The full potential of the motor’s
operational region is not thoroughly utilized, further reducing
the motor’s speed regulation range and load-carrying capacity
under the existing method.

III. PROPOSED EXPANDED LIMIT BOUNDARY

EMP-DSC METHOD

To address the existing method’s problems and achieve a
wider speed range and higher load capability, this article pro-
poses an expanded limit boundary EMP-DSC method by im-
proving linear constraints and the field-weakening approach.
The following are the specific steps of the proposed method.

Step 1: Construct the predictive model. Considering param-
eter mismatches and external disturbances, the electrical and
mechanical dynamics of the surface-mounted PMSM are

⎧⎪⎨
⎪⎩
i̇d = L−1

0 (ud −R0id + L0iqωe + γd)

i̇q = L−1
0 (uq −R0iq − L0idωe − ψf0ωe + γq)

ω̇ = J−1
r0 (kt0iq − TL + γω)

(5)

where R0, L0, ψf0, Jr0, and kt0 are nominal values of stator
resistance, inductance, permanent magnet flux linkage, the mo-
ment of inertia, and torque constant, respectively; TL is the load
torque; electric angular speed ωe = pω, and p is the number of
pole pairs; γd, γq, and γω are the lumped disturbances due to
parameter variations and model mismatches.

To improve the controller’s robustness and eliminate non-
linear coupling terms between speed and current for model
linearization, model (5) can be transformed into first-order ul-
tralocal equations using model-free control theory [23]

⎧⎨
⎩
i̇d = αiud + Fd

i̇q = αiuq + Fq

ω̇ = αωiq + Fω

(6)

where scaling factors αi = L−1
0 , αω = kt0J

−1
r0 ; F =

[Fd Fq Fω]
T represent the other known and unknown parts of

the equations, and their estimated values F̂ = [F̂d F̂q F̂ω ]T

can be obtained through observers.
Equation (6) is a low parameter-dependent linear equation for

PMSM, based on which the PMSM’s ultralocal predictive model
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can be constructed as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

x (k + 1) = Ax(k) +Bu(k)

x(k) =
[
id(k) iq(k) ω(k) ud(k) uq(k)

F̂d(k) F̂q(k) F̂ω(k) ωref(k) idref(k)
]T

u(k) = [Δud(k) Δuq(k)]
T

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩
A =

⎡
⎢⎢⎢⎣
1 0 0 Tsαi 0

0 1 0 0 Tsαi

0 Tsαω 1 0 0

TsI3×3

0 0

0 0

0 0

07×3 I7×7

⎤
⎥⎥⎥⎦

B = [02×3 I2×2 02×5]
T

(7)

where x and u are the state and control vectors, respectively;
Ts is the control period. To achieve speed tracking control with
field-weakening operation, the speed reference ωref and d-axis
current reference idref are used as the DSC system’s dual ref-
erence inputs. The voltage increments Δud(k) = ud(k + 1)−
ud(k) and Δuq(k) = uq(k + 1)− uq(k) are control variables,
and ud and uq are augmented into x.

Step 2: Design the quadratic cost function J . The EMP
algorithm obtains the optimal control sequences by minimizing
J . Therefore, J should represent the comprehensive control
objectives, including speed tracking, load balancing, and field-
weakening current control

J =

Np∑
i=0

xT (k + i)Qx (k + i) +

Np−1∑
j=0

uT (k + j)Ru (k + j)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Q =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

qd 0 0

0 αωqq 0

0 0 qω

03×4

0 0 −qd
−qq 0 0

0 −qω 0

04×10

0 −qq 0

0 0 −qω
−qd 0 0

03×4

α−1
ω qq 0 0

0 qω 0

0 0 qd

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

R =

[
qu 0

0 qu

]

(8)

where Np is the predictive horizon; Q and R are the weighting
matrices penalizing x and u; qd, qq, qω , and qu are weighting
factors of id, iq, ω, and ud/q, respectively. To understand more
intuitively how the cost function works, the cost function in
matrix form (8) can be transformed into weighted form.

Step 3: Improve the system’s linear constraints. To overcome
the limitations of conventional regular hexagonal constraints that
restrict the motor’s operational region and reduce the speed range
and load capacity, the proposed method constructs irregular
hexagonal current and voltage constraints, as shown in Fig. 4.
Considering that the motor’s motoring operation locates in the
id–iq plane’s second quadrant, three current constraint segments
(A–C, C–D, D–B) are used to approximate the current limit
circle in the second quadrant to expand the operational region’s
limit boundary. In the remaining first, third, and fourth quadrants,

Fig. 4. Proposed irregular hexagon voltage and current constraints.

Fig. 5. Proposed optimal trajectories for field weakening.

only one segment is used to replace the current limit circle.
Similarly, in the ud–uq plane’s first quadrant, three voltage
constraint segments (U–V, V–W, W–L) are used to approximate
the voltage limit circle. In the remaining second, third, and
fourth quadrants, only one segment is used to replace the voltage
limit circle. The irregular hexagonal constraints are composed of
one-quarter regular dodecagon and three-quarter square. Fig. 4
shows their specific shapes and positions in the ud–uq and id–iq
planes. The resulting linear equations for the irregular hexagonal
current and voltage constraints are

Av

[
ud(k)
uq(k)

]
≤ E · Umax,Ai

[
id(k)
iq(k)

]
≤ E · Imax (9)

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
Av =

[
−1 −1 1 1 2

1+
√
3

2−√
3

1 −1 −1 2−√
3 2

1+
√
3

1

]T

Ai =

[
1 1 −1 −1 −2

1+
√
3

√
3− 2

1 −1 −1 2−√
3 2

1+
√
3

1

]T

.

.

Step 4: Optimize the field-weakening method. Considering
that the quality of current allocation directly affects the perfor-
mance of field weakening operation [21], the proposed method
utilizes the new voltage constraints to design a practical and
simple optimal-trajectory field-weakening method that com-
prehensively considers speed regulation and load balancing,
maintaining the motor’s actual operating point near the optimal
position. As shown in Fig. 5, the proposed optimal trajectories
for field-weakening operation are defined as follows.
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Fig. 6. Expanded limit boundary EMP-DSC controller construction process.

1) In the low-speed stage of the field weakening region, the
voltage constraint intersects the positive half-axis of the
iq-axis at point H. In this case, the optimal trajectory is set
as line O–H–G, where point G is the intersection between
the voltage and current irregular hexagonal constraints.

2) In the high-speed stage of the field weakening region, point
H is lost, but the voltage constraint intersects the negative
half-axis of the id-axis at point M. In this case, the optimal
trajectory is set as line M–G.

The calculation formula of idref in the proposed optimal-
trajectory field-weakening method is obtained directly by math-
ematically transforming the voltage constraint equation ud +
(2−√

3)ud = Umax to

idref =(√
3− 2

)
R0ψf0ωe + Umax

√
R2

0 + (ωeL0)
2 − L0ψf0ω

2
e

R2
0 + (ωeL0)

2

+
(√

3− 2
)
iq. (10)

If idref calculated by (10) is greater than zero, output idref =
0, otherwise output the calculated value.

Step 5: Construct the expanded limit boundary EMP-DSC
controller. The controller construction process is shown in Fig. 6.
Based on the ultralocal predictive model (7), cost function
(8), and the proposed irregular hexagonal constraints (9), the
optimal speed-tracking problem for the EMP-DSC system can
be obtained

min
U=[uT(0)···uT(Np−1)]T

J

s.t.

⎧⎪⎨
⎪⎩
x(k + i+ 1) = Ax(k + i) +Bu(k + i)

Av

[
ud(k)

uq(k)

]
≤ UmaxE,Ai

[
id(k)

iq(k)

]
≤ ImaxE

(11)

where U is the optimal control sequence.
By solving the MPQP problem (11) offline, CRs, and their

corresponding optimal control laws uopt can be obtained as

uopt = fax(k) + ga,x ∈ CRa (12)

Fig. 7. Comparison of the proposed irregular hexagonal constraints and con-
ventional regular hexagonal constraints.

where a is the index number of the CR;fa andga are the optimal
solution matrices;fa = [kd1 · · · kd10; kq1 · · · kq10]2×10 consists
of multiple feedback gain factors.

During online operation, the CR of the current state vector x
is judged, and the optimal control law is obtained by looking
up the table. The F̂ in x can be provided in real time by the
auxiliary ESO, which is designed as{
x̂o (k + 1) = Aox̂o(k) + TsF̂ (k) +Bouo + TsK1ex(k)

F̂ (k + 1) = F̂ (k) + TsK2ex(k)

(13)
where xo(k) = [id(k) iq(k) ω(k)]

T; x̂o is the estimated value
of xo; ex = xo − x̂o is the observation error; uo(k) =
[ud(k) uq(k)]

T; Matrices Ao and Bo are

Ao =

⎡
⎣1 0 0
0 1 0
0 Tsαω 1

⎤
⎦ ,Bo =

⎡
⎣Tsαi 0

0 Tsαi

0 0

⎤
⎦ . (14)

K1 = diag[h11, h11, h13] and K2 = diag[h21, h21, h23] are the
ESO’s gain matrices. The observed values’ convergence can be
guaranteed by selecting these gains properly [24].

IV. PERFORMANCE ANALYSIS OF THE PROPOSED

EMP-DSC METHOD

A. Irregular Hexagonal Constraints Expand Limit Boundary

The proposed irregular hexagonal voltage and current con-
straints are shown in Fig. 7. It can be observed from Fig. 7
that the voltage vectors terminating at points (ud1, uq1) and
(ud2, uq2), as well as the current vectors terminating at points
(id1, iq1) and (id2, iq2), are not reachable under the conventional
regular hexagonal constraints but can still be utilized under the
proposed constraints. Compared to the conventional constraints,
the proposed irregular hexagonal constraints expand the voltage
vectors’ reachable region in the ud–uq plane’s first quadrant and
the current vectors’ reachable region in the id–iq plane’s second
quadrant both by 15.47%.

Fig. 8 illustrates the changes in the operational region and
limit boundaries as speed increases. Next, three typical oper-
ating conditions are provided to demonstrate the system per-
formance’s comprehensive enhancement due to the proposed
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Fig. 8. PMSM’s operational region and limit boundaries under the proposed irregular hexagonal constraints. (a) ω1. (b) ω2 and ω3. (c) ω4.

irregular hexagonal constraints. The four speeds in Fig. 8 are
identical to those in Fig. 2.

1) As shown in Fig. 8(a), when the motor operates in the con-
stant torque region (e.g., ω = ω1), its operational region is
the polygon O–A–C–D–B under irregular hexagonal con-
straints, significantly expanding the motor’s operational
region compared to the conventional constraints. Due to
the id = 0 control strategy, the actual operational region
is line segment O–A. Consequently, the motor’s operating
point is no longer limited to point a but can reach point
A, allowing the motor to obtain the maximum q-axis
current Imax. Correspondingly, the maximum available
torque in the constant torque region is restored to the limit
value Te1. Hence, under the proposed method, the motor’s
load-carrying capacity in the constant torque region is 1.15
times that of the existing method, representing a 15.47%
increase.

2) As shown in Fig. 8(b), when the motor operates in the
field weakening region (e.g., ω = ω2 and ω = ω3), its
operational regions are polygons O–h’–E′∗–C–D–B and
h–V–E∗–D–B under irregular hexagonal constraints, re-
spectively, significantly expanding the motor’s operational
region compared to the conventional constraints. The in-
tersection points between the proposed voltage and current
constraints areE′∗ andE∗, while the intersection points be-
tween conventional voltage and current constraints remain
as e’ and e. Thus, compared to conventional constraints,
the proposed constraints improve the ideal maximum
load-carrying capability from Te4’ (Te4) corresponding
to point e’ (e) to Te3′

∗ (Te3
∗) corresponding to point E′∗

(E∗) when maintaining speed ω2 (ω3). Similarly, it can
be deduced that, compared to conventional constraints,
the proposed irregular hexagonal constraints enhance the
ideal maximum load capacity at all speeds during the field
weakening operation.

3) As shown in Fig. 8(c), when the motor reaches its maxi-
mum speed ω4 under the conventional regular hexagonal
constraints, the intersection between the proposed irregu-
lar hexagonal voltage and current constraints is point B∗,
which still lies in the second quadrant. Thus, a feasible

Fig. 9. (a) Control trajectories under conventional and proposed methods.
(b) Torque-speed curves of existing and proposed methods.

operational region, the polygon m–B∗–B, allows the motor
to continue accelerating until pointB∗ coincides with point
B. Consequently, the proposed irregular hexagonal con-
straints enhance the motor’s ideal maximum achievable
speed, expanding the speed regulation range compared to
conventional constraints.

B. Optimal-Trajectory Field-Weakening Method Optimizes
Current Allocation

The motor’s actual operating point depends heavily on the
field weakening implementation method. The control trajecto-
ries of the conventional formula-based field-weakening method
and the proposed optimal-trajectory field-weakening method
are compared in Fig. 9(a). The control trajectories under the
proposed method are O–H–G and M–G. In contrast, the control
trajectory under the existing method is f–f∗.

As shown in Fig. 9(a), the proposed method skillfully uses
the linear voltage constraint, whose equation is known, as the
optimal trajectory for field weakening operation. According to
these optimal trajectories, on the one hand, the minimum id
required to maintain the corresponding speed is utilized during
light-load operation in the field weakening low-speed stage
(corresponding to segment O–H) and no-load operation in the
field weakening high-speed stage (corresponding to point M).
Therefore, the id used by the proposed method is smaller than
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TABLE I
PARAMETERS OF THE SURFACE-MOUNTED PMSM

that of the existing method because the abscissa of point O or M is
smaller than point f. On the other hand, as the load increases, the
id will adaptively increase to obtain a larger iq until reaching the
maximum load point G at the corresponding speed, which means
that the degree of freedom in adjusting the motor’s operating
point is increased, the current allocation is optimized, and the
dual requirements of speed tracking and load balancing can be
comprehensively considered on the premise of satisfying the
dual constraints of current and voltage, maintaining the actual
operating point near the optimal operating point and making
full use of the motor’s operational range. Therefore, the load
capability under the proposed method is improved.

With the help of MATLAB, the motor’s torque-speed curves
under existing and proposed methods are plotted in Fig. 9(b),
with the motor parameters listed in Table I. Fig. 9(b) visually
illustrates that the proposed method widens the motor’s limit
boundary, expands the speed regulation range, and increases the
load capacity simultaneously, compared to the existing method.

Moreover, the irregular hexagonal constraints and the
optimal-trajectory field-weakening method complement each
other. The new constraints expand the limit boundary and pro-
vide the linear optimal trajectories. The new field weakening
method fully leverages the enlarged operational region, ensuring
that the actual operating point covers the entire operational
region and lies near the optimal point. Furthermore, the proposed
irregular hexagonal constraints do not increase the system’s con-
straint dimension, thereby avoiding an increase in algorithmic
complexity. The proposed optimal trajectories are defined by
known linear equations. So, there is no need to solve the inter-
section between current and voltage constraints and intersections
between the constraints and the coordinate axis in real time. The
field weakening implementation is simple and does not increase
the algorithm’s complexity. The proposed method enhances the
capabilities and performance of the extreme operations under
EMP-DSC, thus reinforcing its practicality and competitiveness
in servo drives.

C. Stability Proof of the Entire Control System

The entire control block diagram of the proposed EMP-DSC
method is shown in Fig. 10. As shown in Fig. 10, the overall
control system consists of the following three parts: the EMP
control law, the ESO, and the controlled plant. The optimal con-
trol law used by the EMP controller is an explicit piecewise affine
function of the states and can be accurately obtained. Therefore,
according to the principle of control theory, a discrete-time
system is stable if all its closed-loop poles locate within the
unit circle of the z-plane [25]. Therefore, the entire control

Fig. 10. Entire control block diagram of the proposed method with the ESO
and EMP-DSC controller.

system’s stability can be proved and guaranteed with the help of
the closed-loop transfer function.

By applying the z-transform and mathematical organization
on the controlled plant (6), ESO (13), and the EMP control
law (12), the closed-loop characteristic equations of the entire
control system’s d and q-axes can be obtained as

⎧⎪⎨
⎪⎩
Pclosed = PESOdPcond

PESOd = z2 + (Tsh11 − 2) z + T 2
s h21 − Tsh11 + 1

Pcond = z2 − (kd4 + 2) z + kd4 + 1− Tsαikd1

(15)

and

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Pcloseq = PESOqPconq

PESOq = z2 + (Tsh13 − 2) z + T 2
s h23 − Tsh13 + 1

Pconq = z3 − (
kq5 + 3

)
z2 +

(
2kq5 + 3− kq2Tsαi

)
z

+
(
kq2Tsαi − T 2

s αωαikq3 − kq5 − 1
)

(16)
where Pclosed is the d-axis closed-loop characteristic equation,
and Pcloseq is the q-axis closed-loop characteristic equation.

Equations (15) and (16) show that both characteristic equa-
tions consist of two parts: one part is the ESO’s characteristic
equationPESOd (PESOq) exactly, and the other part isPcond (Pconq)
related to the feedback gain factors of the EMP controller.
According to the control theory principles, if the roots of all parts
lie inside the z-plane’s unit circle, the whole system is stable. The
entire system’s stability conditions are easily obtained according
to the Jury criterion [26], [27]

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

h11 < 2T−1
s , h13 < 2T−1

s

0 < h21 < T−1
s h11, 0 < h23 < T−1

s h13, kd1 < 0, kq3 < 0
Tsαikd1

2 − 2 < kd4 < Tsαikd1, Pconq (−1) < 0

|a1| < 1,
∣∣a21 − 1

∣∣ > |a1a2 − a3|
(17)

where a1 = kq2Tsαi − T 2
s αωαikq3 − kq5 − 1, a2 = −kq5 −

3, a3 = 2kq5 + 3− kq2Tsαi.
Equation (17) is the stability conditions for the proposed

control system. The entire control system is stable if the ESO
gains and the EMP control law’s feedback gain factors satisfy
the stability conditions.



ZHAO et al.: EXPANDED LIMIT BOUNDARY EXPLICIT MODEL PREDICTIVE DIRECT SPEED CONTROL FOR PMSMS 6097

Fig. 11. Experiment platform.

Fig. 12. Comparative experimental results of the no-load acceleration process.
(a) Existing method. (b) Proposed method.

V. EXPERIMENTAL RESULTS

To validate the proposed method’s feasibility, hardware ex-
periments are conducted on a PMSM test platform, as shown
in Fig. 11. The surface-mounted PMSM’s parameters are listed
in Table I. The proposed EMP-DSC controller’s parameters are

Fig. 13. Comparative experimental results of the constant-load acceleration
process. (a) Existing method. (b) Proposed method.

Fig. 14. Comparative experimental results of the constant-speed loading pro-
cess in the constant-torque region. (a) Existing method. (b) Proposed method.
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Fig. 15. Comparative experimental results of the constant-speed loading pro-
cess in the field-weakening region. (a) Existing method. (b) Proposed method.

set as qq = 10, qd = 700, qω = 20000, and qu = 0.01. Udc

= 220 V, Ts = 100 μs, Np = 5. In order to strictly adhere to
the principle of controlling variables in comparative experiments
and to independently verify the beneficial effects of the proposed
constraints and field-weakening method, the conventional pre-
dictive model used in [20] is replaced by the new hyperlocal
predictive model defined by (7) and the resulting EMP-DSC
method is treated as the existing method. Both the existing and
proposed methods only consider linear modulation and use the
same maximum allowable current and voltage, Imax = IN, and
Umax = Udc/

√
3.

A. Speed Range Comparison

The no-load acceleration experiment and constant-load ac-
celeration experiment are conducted separately to compare the
speed regulation range of the existing and proposed methods,
and comparative experimental results are shown in Figs. 12
and 13, respectively.

Fig. 12 shows the experimental results of the motor’s no-
load acceleration process. The speed command nref increases
at a rate of 100 r/min/s from 500 r/min. From Fig. 12(a), it
can be observed that the existing method starts using negative
id when the speed reaches n1 = 1316 r/min, and when idref

is limited to −10 A, the maximum achievable speed is n2 =
1508 r/min. Fig. 12(b) shows that the proposed method starts
using negative id when the speed reaches n1 = 1450 r/min,

and when idref is limited to −10 A, the maximum achievable
speed is n2 = 1625 r/min. Compared to the existing method,
the proposed method shifts the no-load field-weakening starting
point by 155 r/min and expands the speed range by 117 r/min
(a 7.7% increase) under the samed-axis field-weakening current.
Results show that the proposed method delays the use of negative
id and reduces the magnitude of id required to maintain the same
speed, extending the motor’s no-load speed regulation range.

Fig. 13 shows the experimental results of the motor’s constant-
load acceleration process. The load is maintained at 7.5 N·m
(50% of the rated torque), and the speed command nref increases
at a rate of 100 r/min/s from 1000 r/min. It can be seen from
Fig. 13(a) that under the half-load condition, the existing method
starts using negative id when the speed reachesn1 = 1316 r/min,
and the maximum achievable speed is n2 = 1458 r/min, corre-
sponding to is1 = 11.85 A. Fig. 13(b) shows that under the
half-load condition, the proposed method starts using negative
id when the speed reaches n1 = 1380 r/min, and the maximum
achievable speed is n2 = 1540 r/min, corresponding to is1 =
12.27 A. Compared to the existing method, the proposed method
shifts the half-load field weakening starting point by 64 r/min,
increases the usable current vector magnitude by 0.42 A, and
expands the speed range by 82 r/min (a 5.6% increase) under
the same load condition. Results show that the proposed method
also delays the use of negative id under load, and the speed range
is improved due to the larger available |is| under the expanded
limit boundary.

B. Load Capacity Comparison

The constant-speed loading experiments are conducted, re-
spectively, in constant-torque and field-weakening regions to
compare the load capacity of the existing and proposed methods,
and comparative experimental results are shown in Figs. 14
and 15, respectively.

Fig. 14 presents the experimental results of the motor’s
constant-speed loading process in the constant torque region.
The speed is maintained at 1000 r/min, which is lower than the
rated speed, and the load is step increased until reaching the
maximum load. As shown in Fig. 14(a), when a load of TL1
= 12 N·m is applied, the motor can achieve a balance between
electromagnetic torque and load torque. However, when the load
increases to 12.5 N·m, although the existing method provides its
maximum achievable q-axis current iq1 in the constant torque
region, which is 11.6 A, the motor is unable to balance the
load torque, resulting in a rapid drop in speed. Fig. 14(b) shows
that the maximum achievable q-axis current with the proposed
method is iq1 = 13.4 A in the constant torque region, and the
corresponding maximum load capacity isTe1 = 14.4 N·m. Com-
pared to the existing method, the proposed method increases the
maximum achievable q-axis current and load capacity by 1.8 A
and 2.4 N·m (a 20% increase), respectively. Results show that
the proposed method enhances the motor’s load capacity in the
constant torque region by improving current constraints.

Fig. 15 presents the experimental results of the motor’s
constant-speed loading process in the field weakening region.
The speed is maintained at 1550 r/min, which is higher than
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Fig. 16. Current control trajectories in the id–iq plane. (a) No-load acceleration process. (b) Constant-load acceleration process. (c) Constant-speed loading
process in the constant-torque region. (d) Constant-speed loading process in the field-weakening region.

Fig. 17. Experimental results of step commands when parameters mismatch.

the rated speed, and the load is step increased. Fig. 15 indicates
that when the motor operates at 1550 r/min without load, the
field-weakening current required under the existing method is
idref1 = −12.4A, while the field-weakening current required
under the proposed method is idref1 = −6.1A, which demon-
strates that the proposed method can keep the same speed with
a smaller negative id. Fig. 15(a) shows that when maintaining
the speed of 1550 r/min, the existing method can load up to TL1
= 2 N·m, corresponding to iq1 = 2.6 A. It is worth noting that
when the load increases to 3 N·m, the motor can still balance the
electromagnetic and load torques. However, this is accomplished
by sacrificing the amplitude of id to increase the amplitude of
iq under the limitation of |is| ≤ Imax. The reduction of |id|
results in the inability to maintain 1550 r/min and a speed drop.
Fig. 15(b) shows that when maintaining the speed of 1550 r/min,

the proposed method can load up toTL1 = 7 N·m, corresponding
to iq1 = 7.5 A. Further increasing the load to 8 N·m also leads
to a speed drop. Compared to the existing method, the proposed
method increases the maximum load capacity and q-axis current
by 3.87 N·m and 4.9 A (a 250% increase) at 1550 r/min. Results
demonstrate that the proposed method significantly improves
the motor’s load capacity in the field weakening region.

C. Current Control Trajectories Comparison

The current control trajectories in the id–iq plane of these
four experimental processes are presented in Fig. 16. Fig. 16(a)
shows current trajectories during the no-load acceleration pro-
cess, where the negative id gradually increases to −10 A,
while a small value of iq is used for acceleration. Fig. 16(b)
shows current trajectories during the constant-load acceleration
process, where iq is basically maintained constant to balance the
fixed load and achieve acceleration. At the same time, negative
id gradually increases to increase the speed until the trajectory
reaches the limit boundary. Compared to the existing method,
the proposed method can use a higher id and obtain a larger
speed regulation range due to the expanded operational region.
Fig. 16(c) shows current trajectories during the constant-speed
loading process in the constant-torque region, where id is zero,
while iq gradually increases to balance the growing load. The
existing method’s trajectory terminates at point a, while the
proposed method’s trajectory terminates at point A. Fig. 16(d)
depicts current trajectories during the constant-speed loading
process in the field-weakening region. In Fig. 16(d), trajectories
indicate that the id used in the existing method depends only on
the speed and remains unchanged with load variations, resulting
in a line segment f–f∗ perpendicular to the id-axis. (When the
trajectory reaches the limit boundary, the increasing load will
lead to a speed drop, causing the control trajectory to move
along the voltage constraint.) While, the proposed method uses
the minimum id required to maintain the corresponding speed,
and the motor operates in the negative half-axis of the id-axis
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during no-load field-weakening operation. As the load increases,
negative id and positive iq simultaneously increase along the
optimal trajectory M–G. Trajectories show that the proposed
optimal-trajectory field weakening method allows for meeting
dual requirements of speed regulation and load balancing while
satisfying voltage and current constraints, optimizing the distri-
bution of d- and q-axis currents, and improving field weakening
performance.

D. Parameter Robustness Performance

Speed and load step experiments are conducted to verify the
proposed method’s parameter robustness. Experimental results
in Fig. 17 illustrate that the proposed method can achieve
offset-free speed tracking control with or without a load in both
constant-torque and field-weakening regions, even in the case
of parameter mismatches (L = 0.65L0, Jr = 1.5Jr0). Results
show that the proposed method exhibits excellent steady-state
control accuracy, parameter robustness, and disturbance rejec-
tion capability.

VI. CONCLUSION

This article proposes the extended limit boundary EMP-DSC
method to achieve the PMSM’s excellent control of wide speed
range and high-load capacity. The proposed method widens the
operational region’s limit boundary by constructing irregular
hexagonal current and voltage constraints, thereby expanding
speed and load ranges. Then, with the help of new constraints,
the optimal-trajectory field-weakening method is introduced to
take into account both speed adjustment and load balancing,
which improves the current allocation. Experimental results
demonstrate that the proposed method not only improves the
field-weakening starting speeds, delaying the use of negative id
and reducing the id required to maintain the same speed but
also expands the motor’s speed range under different loads.
Moreover, the proposed method enhances the load capacity
over the entire speed range, including the constant torque and
field-weakening regions, optimizing current control trajectories
and operational performance. This article thoroughly discusses
the limitations of the existing EMP-DSC method and proposes
targeted improvements to enhance the practicality and compet-
itiveness of the EMP-DSC method in motor servo drive fields.

REFERENCES

[1] S. Lin, Y. Cao, Z. Wang, Y. Yan, T. Shi, and C. Xia, “Speed controller design
for electric drives based on decoupling two-degree-of-freedom control
structure,” IEEE Trans. Power Electron., vol. 38, no. 12, pp. 15996–16009,
Dec. 2023.

[2] Z. Chen, Y. Yan, T. Shi, X. Gu, Z. Wang, and C. Xia, “An accurate virtual
signal injection control for IPMSM with improved torque output and widen
speed region,” IEEE Trans. Power Electron., vol. 36, no. 2, pp. 1941–1953,
Feb. 2021.

[3] S. Chai, L. Wang, and E. Rogers, “A cascade MPC control structure for
a PMSM with speed ripple minimization,” IEEE Trans. Ind. Electron.,
vol. 60, no. 8, pp. 2978–2987, Aug. 2013.

[4] B. Wang, M. Tian, Y. Yu, Q. Dong, and D. Xu, “Enhanced ADRC with
quasi-resonant control for PMSM speed regulation considering aperiodic
and periodic disturbances,” IEEE Trans. Transp. Electrific., vol. 8, no. 3,
pp. 3568–3577, Sep. 2022.

[5] M. Zhao, Y. Cao, Y. Yan, Z. Zhang, T. Shi, and C. Xia, “Weighting
factors tuning method in explicit model predictive direct speed control
of permanent magnet synchronous motor,” in Proc. 24th Int. Conf. Elect.
Mach. Syst., 2021, pp. 653–658.

[6] T. Guo, Z. Sun, X. Wang, S. Li, and K. Zhang, “A simple current-
constrained controller for permanent-magnet synchronous motor,” IEEE
Trans. Ind. Inform., vol. 15, no. 3, pp. 1486–1495, Mar. 2019.

[7] M. Zhao, S. Lin, Y. Cao, Z. Zhou, T. Shi, and C. Xia, “Explicit model
predictive cascade-free direct force and torque control of quadrotors,”
IEEE Trans. Ind. Electron., vol. 71, no. 4, pp. 3441–3451, Apr. 2024.

[8] M. Preindl and S. Bolognani, “Model predictive direct speed control with
finite control set of PMSM drive systems,” IEEE Trans. Power Electron.,
vol. 28, no. 2, pp. 1007–1015, Feb. 2013.

[9] H. Kawai, Z. Zhang, R. Kennel, and S. Doki, “Direct speed control based
on finite control set model predictive control with voltage smoother,” IEEE
Trans. Ind. Electron., vol. 70, no. 3, pp. 2363–2372, Mar. 2023.

[10] L. Harnefors, S. E. Saarakkala, and M. Hinkkanen, “Speed control of
electrical drives using classical control methods,” IEEE Trans. Ind. Appl.,
vol. 49, no. 2, pp. 889–898, Mar. 2013.

[11] L. Yang, H. Li, J. Huang, Z. Zhang, and H. Zhao, “Model predictive direct
speed control with novel cost function for SMPMSM drives,” IEEE Trans.
Power Electron., vol. 37, no. 8, pp. 9586–9595, Aug. 2022.

[12] H. Wang, J. Su, and G. Yang, “Line-constrained based explicit model pre-
dictive current control for IPMSMs drives,” IEEE Trans. Power Electron.,
vol. 38, no. 8, pp. 10093–10103, Aug. 2023.

[13] A. Bemporad, M. Morari, V. Dua, and E. Pistikopoulos, “The explicit
linear quadratic regulator for constrained systems,” Automatica, vol. 38,
no. 1, pp. 3–20, Jan. 2002.

[14] P. Tøndel, T. A. Johansen, and A. Bemporad, “An algorithm for multi-
parametric quadratic programming and explicit MPC solutions,” Auto-
matica, vol. 39, no. 3, pp. 489–497, Mar. 2003.

[15] P. Tøndel, T. Johansen, and A. Bemporad, “Evaluation of piecewise
affine control via binary search tree,” Automatica, vol. 39, pp. 945–950,
May 2003.

[16] S. Bolognani, S. Bolognani, L. Peretti, and M. Zigliotto, “Design and
implementation of model predictive control for electrical motor drives,”
IEEE Trans. Ind. Electron., vol. 56, no. 6, pp. 1925–1936, Jun. 2009.

[17] M. Wang, J. Su, and K. Zhao, “Explicit model predictive control of
permanent magnet synchronous motor with Kalman filter,” in Proc. 22nd
Int. Conf. Elect. Mach. Syst., 2019, pp. 1–6.

[18] S. Lin, M. Zhao, Y. Cao, Z. Lin, T. Shi, and C. Xia, “Active disturbance
rejection explicit model predictive direct speed control for permanent
magnet synchronous motors,” in Proc. 25th Int. Conf. Elect. Mach. Syst.,
2022, pp. 1–6.

[19] Z. Mynar, L. Vesely, and P. Vaclavek, “PMSM model predictive control
with field-weakening implementation,” IEEE Trans. Ind. Electron., vol. 63,
no. 8, pp. 5156–5166, Aug. 2016.

[20] J. Liu, C. Gong, Z. Han, and H. Yu, “IPMSM model predictive control in
flux-weakening operation using an improved algorithm,” IEEE Trans. Ind.
Electron., vol. 65, no. 12, pp. 9378–9387, Dec. 2018.

[21] M. Tursini, E. Chiricozzi, and R. Petrella, “Feedforward flux-weakening
control of surface-mounted permanent-magnet synchronous motors ac-
counting for resistive voltage drop,” IEEE Trans. Ind. Electron., vol. 57,
no. 1, pp. 440–448, Jan. 2010.

[22] R. Nalepa and T. Orlowska-Kowalska, “Optimum trajectory control of the
current vector of a nonsalient-pole PMSM in the field-weakening region,”
IEEE Trans. Ind. Electron., vol. 59, no. 7, pp. 2867–2876, Jul. 2012.

[23] Y. Zhang, J. Jin, and L. Huang, “Model-free predictive current control of
PMSM drives based on extended state observer using ultralocal model,”
IEEE Trans. Ind. Electron., vol. 68, no. 2, pp. 993–1003, Feb. 2021.

[24] L. Qu, W. Qiao, and L. Qu, “An enhanced linear active disturbance rejec-
tion rotor position sensorless control for permanent magnet synchronous
motors,” IEEE Trans. Power Electron., vol. 35, no. 6, pp. 6175–6184,
Jun. 2020.

[25] K. Ogata, Discrete-Time Control Systems. Englewood Cliffs, NJ, USA:
Prentice-Hall, 1995.

[26] S. Lin, Y. Cao, C. Li, Z. Wang, T. Shi, and C. Xia, “Two-degree-of-
Freedom active disturbance rejection current control for permanent mag-
net synchronous motors,” IEEE Trans. Power Electron., vol. 38, no. 3,
pp. 3640–3652, Mar. 2023.

[27] M. Tian, B. Wang, Y. Yu, Q. Dong, and D. Xu, “Discrete-time repet-
itive control-based ADRC for current loop disturbances suppression of
PMSM drives,” IEEE Trans. Ind. Inform., vol. 18, no. 5, pp. 3138–3149,
May 2022.



ZHAO et al.: EXPANDED LIMIT BOUNDARY EXPLICIT MODEL PREDICTIVE DIRECT SPEED CONTROL FOR PMSMS 6101

Mengyuan Zhao was born in Hebei, China, in 1997.
She received the B.S. degree in electrical engineering
from the Hebei University of Technology, Tianjin,
China, in 2019. She is currently working toward the
Ph.D. degree in electrical engineering with the Col-
lege of Electrical Engineering, Zhejiang University,
Hangzhou, China.

Her research interests include electrical machines,
servo motor drives, and power electronics.

Yanfei Cao (Member, IEEE) was born in Hebei,
China, in 1990. She received the B.S. degree in au-
tomation from the Hebei University of Technology,
City College, Tianjin, China, in 2013 and the M.S.
and Ph.D. degrees in control science and engineering
from Tianjin University, Tianjin, China, in 2015 and
2019, respectively.

She is currently an Associate Researcher with the
College of Electrical Engineering, Zhejiang Univer-
sity, Hangzhou, China. Her research interests in-
clude electrical machines, motor drives, and power
electronics.

Chen Li was born in Shandong, China, in 1991.
He received the B.S. degree in electrical engineering
from the China University of Mining and Technology,
Jiangsu, China, in 2014, and the Ph.D. degree in elec-
trical engineering from Tianjin University, Tianjin,
China, in 2022.

He is currently a Postdoctoral Researcher with the
Zhejiang University Advanced Electrical Equipment
Innovation Center, Hangzhou, China. His current re-
search interests include electrical machines, motor
drives, and power electronics.

Zhiqiang Wang (Member, IEEE) was born in Tian-
jin, China, in 1984. He received the B.S. degree
from the Hebei University of Technology, Tianjin,
China, in 2006 and the M.S. and Ph.D. degrees from
Tianjin University, Tianjin, China, in 2008 and 2012,
respectively, all in electrical engineering.

He is currently an Associate Professor with the
School of Electrical Engineering, Tiangong Univer-
sity, Tianjin, China. His research interests include
power electronics technology and intelligent control
of motor systems.

Tingna Shi (Senior Member, IEEE) was born in
Yuyao, China, in 1969. She received the B.S. and M.S.
degrees from Zhejiang University, Hangzhou, China,
in 1991 and 1996, respectively, and the Ph.D. degree
from Tianjin University, Tianjin, China, in 2009, all
in electrical engineering.

She is currently a Professor with the Col-
lege of Electrical Engineering, Zhejiang University,
Hangzhou, China. Her current research interests in-
clude electrical machines and their control systems,
power electronics, and electric drives.

Changliang Xia (Senior Member, IEEE) was born in
Tianjin, China, in 1968. He received the B.S. degree
from Tianjin University, Tianjin, China, in 1990, and
the M.S. and Ph.D. degrees from Zhejiang University,
Hangzhou, China, in 1993 and 1995, respectively, all
in electrical engineering.

He was elected as an Academician of the Chinese
Academy of Engineering, Beijing, China, in 2017.
He is currently the President and a Full Professor of
Tiangong University, Tianjin, China. He also serves
as the Qiushi Chair Professor of Zhejiang University.

His fields of research interests include electrical machines, power electronics,
and their control systems.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


