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ABSTRACT: To enhance the robustness and dynamic performance of permanent magnet synchronous motor (PMSM) drives at high speeds,
a deadbeat predictive current control method based on a predictive disturbance suppression model (DPCC-PDSM) is proposed. First,
the mathematical model of PMSM and the principle of traditional deadbeat predictive current control (DPCC) are presented. Second, to
estimate and compensate disturbance effects caused by external uncertainties, a predictive disturbance suppression model is designed by
integrating the recursive least squares (RLS) algorithm with an extended state observer (ESO). Furthermore, leading angle flux weakening
control strategy is incorporated into the predictive control framework to overcome voltage and current limitations in high-speed operation.
Finally, the stability and effectiveness of the proposed method are validated through experiments. The results demonstrate that the DPCC-
PDSM significantly improves robustness and ensures the stable and reliable performance of PMSM drives in high-speed flux weakening

operation.

1. INTRODUCTION

ith the advent of modern computer numerical control

(CNC) machine tools, high-speed machining capability
has become a key performance indicator. To ensure superior
dynamic response and control precision under high-speed oper-
ation, many CNC systems now employ permanent magnet syn-
chronous motors (PMSMs) as spindle drives. With their high
efficiency, rapid response, and precise control [1,2], PMSMs
are well suited for high-end CNC applications requiring fre-
quent start-stop and stringent dynamic performance. However,
as spindle speeds rise, conventional control strategies face volt-
age and current limitations, which degrade stability and speed
regulation in high-speed regions — becoming a bottleneck for
further performance improvement.

To overcome these challenges, advanced control strategies
have been proposed. Among them, model predictive control
(MPC) has gained attention for handling system constraints
while ensuring excellent dynamics [3—5]. Deadbeat predictive
current control, a representative MPC strategy, determines op-
timal voltage vectors in real time to achieve fast current dy-
namics and negligible steady-state error [6]. Yet, deadbeat pre-
dictive current control (DPCC) remains sensitive to parameter
mismatches and disturbances. To enhance robustness, extended
state observers (ESOs) have been incorporated, modeling dis-
turbances as augmented states for effective suppression [7-9].

Data-driven approaches further improve PMSM robustness.
Deep reinforcement learning and adaptive control have opti-
mized DPCC, enhancing adaptability and dynamics [10—12].
Oversampling DPCC with field programmable gate array
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(FPGA) technology enables constant switching frequency
and reduced current ripple [13]. Sliding mode control-based
DPCC boosts anti-disturbance ability [14—16], while dynamic
time-planning-based dead beat control for six-phase PMSM
addresses multi-objective optimization under fault scenar-
ios [17-19]. Still, robustness under parameter uncertainties
remains limited. To address this, a DPCC algorithm based on
a predictive disturbance suppression model is proposed, where
prediction errors are introduced as compensation to strengthen
robustness.

Meanwhile, flux weakening (FW) control has been widely
adopted to overcome voltage limits and extend PMSM speed
range. In CNC machining, FW allows spindle motors to sustain
acceleration in the constant power region. For example, an en-
hanced FW scheme with polar-coordinate computation ensures
smooth transitions, torque integration, and improved voltage
utilization [20-22]. In five-phase PMSM, harmonic current in-
jection with feedforward FW and gradient descent reduces dis-
tortion under DPCC [23]. For asymmetric rotor PMSM, an im-
proved leading angle flux weakening control dynamically ad-
justs current vector angles to enable wide-speed operation [24].
Prior research also shows that FW modules enhance torque and
speed response under varying loads [25]. To improve track-
ing in FW regions, indirect coupling models (ICMs) have been
proposed [26,27].

For asymmetric PMSM, reoriented d-axis reference frames
correct voltage-limit distortions and support deep FW [28—
32]. However, current regulators risk saturation and instability
in deep FW regions, threatening stability and safety. Ensur-
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ing smooth, stable transitions during high-speed FW operation
therefore remains a central challenge for PMSM drives.

In response to the above issues, this paper proposes a high-
speed spindle control strategy for CNC machines that integrates
a predictive disturbance suppression model with leading an-
gle flux weakening control. The proposed approach leverages
PDSM to enhance robustness against external disturbances,
while leading angle flux weakening control alleviates voltage
constraints in deep flux weakening regions. Experimental vali-
dation demonstrates that the proposed method significantly im-
proves current regulation stability and high-speed control per-
formance, while substantially reducing dynamic response time.

2. DEADBEAT AND FLUX WEAKENING CONTROL

2.1. Mathematical Modeling of PMSM and DPCC Principle
The two-phase stator voltage equations of PMSM are:

di
uqg = Rig + Ldﬁ — queiq,
dt
(1)

d
Uqg = Rig+ Ly—2

pn + Lgwetq + wez/)f.

where u4 and u, are the stator voltage components in the d-
axis and g-axis; i and 4 are the stator current components in
the d-axis and g-axis; R is the stator resistance; L4 and L, are
the stator inductances in the d-axis and g-axis, respectively; and
1 is the permanent magnet flux linkage.

In order for the PMSM model to be implemented in digital
control systems, we need to discretize these continuous equa-
tions. Assuming that we use the first-order Taylor expansion to
discretize the time derivative, the derivative of the current can
be approximated by the first-order difference:

dig _ia(k+1) —iq(k)
dt T,
()
dig _ig(k+1) —ig(k)
dt T,

where iq(k + 1) and ¢,(k + 1) denote the d-axis and g-axis
current components at the (k + 1)™ sampling instant, respec-
tively; i4(k) and i4(k) denote the corresponding components
at the k™ instant; and 7, is the sampling interval. By substitut-
ing the first-order difference expressions in (2) into the original
stator voltage equations, we obtain:

Uary = L <id(k + lT)s_ id(k)) + Ria(k)
— weLig(k) 5
+ weLig(k) + weths

where ug(r) and u,() are the d-axis and g-axis stator voltage
components at sampling instant k, respectively; R is the stator
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resistance; L is the inductance; w, is the electrical angular ve-
locity at time k; and 1) is the permanent magnet flux linkage.

The surface-mounted permanent magnet synchronous motor
(SPMSM) is considered, with the d- and g-axis inductances as-
sumed equal, i.e., Ly = Ly = L. The unified symbol L is then
used in Equations (3) and (4) for simplicity.

The principle of Deadbeat Predictive Current Control is to
use a predictive model to estimate the motor current at the
next time step, and then compute the required stator voltage to
achieve zero steady-state error in current tracking. Under the
control strategy where iq = 0, the reference currents ¢;(k + 1)
and 47 (k + 1) are used as predicted current values at the next
sampling instant T} 1, replacing the actual currents i4(k + 1)
and i,(k + 1) in the prediction model. By substituting these
reference currents into Equation (3), the predictive model for
the deadbeat current control can be expressed as:

uqery = L (iZ(k)T id(k)) + Riq(k)
— weLiqy(k)
)i 4
o= 2 (SO0 g
+weLig(k) + wetpy

where i;(k) and i} (k) represent the d-axis and g-axis current
components at time step k + 1, respectively. They indicate the
expected current state of the motor in the next control cycle.

2.2. Flux Weakening Control and Limiting Conditions

Flux weakening control is widely applied to extend the speed
range of PMSMs beyond their rated limits. By injecting a nega-
tive d-axis current, the stator-generated magnetic field is inten-
tionally reduced, which lowers the air-gap flux linkage and back
electromotive force (EMF), enabling stable high-speed opera-
tion.

As rotor speed increases, the back EMF may approach or
exceed the DC bus voltage, limiting further acceleration under
standard control. Flux weakening control offsets this effect by
suppressing the EMF rise, thereby allowing reliable high-speed
performance and maintaining system stability.

In flux weakening mode, the relationship between motor
speed and stator voltage can be expressed as:

Us

\/(Lqiq)2 + (Ldid + Tswf)2

®)

We =

where ug is the magnitude of the stator voltage vector, defined

as us = 4/u2 + u2, while 74 and i, are the corresponding com-
d q q

ponents of the stator current; Ly and L, are the d- and g-axis
inductances; v is the permanent magnet flux linkage; and T’
is the sampling period.

When the motor reaches its voltage limit, further speed in-
crease requires adjusting the stator current distribution. This is
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typically done by increasing the negative d-axis current and re-
ducing the g-axis current. It weakens the air-gap flux, allowing
the motor to operate at higher speeds through flux weakening
control.

In a PMSM control system, operation is constrained by two
main factors: the rated current of the motor and the DC bus
voltage of the inverter. The control strategy must ensure that
both current and voltage stay within limits, which are defined
as follows:

uz + ug < Ufm
2 .2 2 ©)
lq + Zq S Imax
where Uy, is the voltage limit, and I, is the current limit.
The voltage limit Up,y is typically chosen as Uyc/ V3. As
shown in Fig. 1, these inequalities define the voltage and current

limit boundaries for the permanent magnet synchronous motor.

;A
%q

Current limit circle

\

Voltage limit circle

FIGURE 1. Current and voltage limiting circle.

3. PREDICTIVE DISTURBANCE SUPPRESSION
MODEL AND LEADING ANGLE FLUX WEAKENING
CONTROL

3.1. Observer Design Based on ESO

Traditional deadbeat control generally achieves high precision
compared with PI control. However, if a sudden change in mo-
tor parameters or a significant external disturbance occurs dur-
ing control, the traditional deadbeat control may exhibit unde-
sirable behavior. To mitigate the influence of external distur-
bances on the system, we introduce an ESO. This observer es-
timates the predictive current error in real time to provide com-
pensation and guides the design of the predictive disturbance
suppression model. The observer is designed as follows:

=1L <Z Z> + Ri — Lwei + 7+ L - G1Ai(k)
T
(7
i = GaAi(k)

where u* denotes the predicted control voltage vector gener-
ated by the observer for disturbance compensation; 7} is the esti-
mated disturbance state variable; Ai(k) is the predicted current
error; and (G; and G5 are gain coefficients.
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3.2. Design of Predictive Disturbance Suppression Model

Introducing an ESO can suppress external disturbances. How-
ever, due to parameter mismatches, the disturbance often ex-
hibits strong nonlinear characteristics, making it impractical to
obtain an accurate mathematical model of the disturbance di-
rectly.

To address this issue, this paper employs Recursive Least
Squares algorithm to fit the disturbance, resulting in a new pre-
dictive disturbance suppression model. The model is designed
as follows:

{ﬁd(k+1) = Nak) + G2 K (Aig(k)) T

R X . (®)
Na(k+1) = Ng(k) + G2 K (Aig(k)) T

where 7q(k) and 7, (k) are the estimated disturbance states
along the d- and g-axes at time k, and 7)q(k + 1) and 7j4(k + 1)
are the corresponding predicted disturbance states at time k+ 1.
K (Aig(k)) and K(Aigy(k)) are the prediction current errors,
while G; and G- are gain coefficients. The framework is illus-
trated in Fig. 2.

Gain coefficient

K (Ai(k)) +
o G,

Ny
O]
| S

~
D)

G, T

K

FIGURE 2. Estimate disturbance state variable frame diagram.
By substituting Equation (8) into Equation (4), we obtain:

uly =1L (W) + Rig(k) — Lweiq(k)

+ (k) + LG1 K (Aiq(k))

-1 (8

©)
) + Rig(k) + Lweia(k)

+ wetpro +N(k) + LG1K (Aig(k))

*

where uy and uy are the predicted control voltages along the d-
and g-axes, respectively; i} (k) and i} (k) are the reference cur-
rents at the k-th sampling instant; i4(k) and 4, (k) are the actual
currents; 7)(k) represents the estimated disturbance; and L, R,
We, and 1) ¢ are the system parameters. Here, we reiterate that
this study focuses on SPMSM, where L, = L, = L, and there-
fore a unified inductance L is consistently adopted in Equation
(9). The predicted current error Ai(k) is calculated using the
Recursive Least Squares method as follows:

K(Aig(k)) = E - Aia(k) (10)
K (Aig(k)) = B - Ai, (k)

During each sampling period, the current error Ai(k) is com-
puted and updated using the least-squares error coefficient ma-
trix C(k). This predicted current error is then applied to update
the estimated motor parameters w(k).
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FIGURE 3. RLS fitting of PDSM.

To ensure system stability and performance, the algorithm
also tracks the maximum observed values of the motor param-
eters throughout operation. As illustrated in Figure 3, the RLS
algorithm continuously refines the parameter estimates by ad-
justing the error coefficient matrix C(k) in response to real-time
variations, thereby improving the accuracy of the motor model.
The detailed computation procedure is described as follows.

First, we define the state vector as:

o

where k£ denotes the sample index, representing the discrete
time step. The state vector v(k) serves as the input signal for
the Recursive Least Squares algorithm.

Next, the current error Ai(k), representing the deviation be-
tween the reference and actual current values, is calculated as:

(11)

(12)

To facilitate the RLS update, the absolute value of the current
error is taken to form the scalar measurement value y(k):

y(k) = [Ai(k)] (13)
Following this, the covariance matrix C(k) is updated based
on the standard RLS recursive formulation:
C(k — 1)v(k)v(k)TC(k —1)T
1+ v(k)TC(k — 1)v(k)

Clk)y=C(k-1)— (14)
where C(k) is the covariance matrix at time step k; C(k — 1)
represents the covariance matrix from the previous time step;
and v(k) is the state vector at time step k.

Next, we calculate prediction error d(k). Prediction error
represents the difference between the actual output y(k) and
predicted output based on the parameters w(k — 1) at the pre-
vious time step. The calculation formula is:

d(k) = y(k) = v (k)w(k - 1) (15)

where v1' (k)w(k — 1) is the output of the parameter estimation
w(k — 1) and the state vector v(k) at the previous time step.
Based on gain matrix C(k) and prediction error §(k), we update
the calculation of motor parameters. The update formula is:

w(k) = w(k — 1) + C(k)v(k)s(k) (16)

where C(k) is the updated gain matrix, and v(k) is the state
vector at the current time, while §(k) is the prediction error.

To track the maximum estimation parameters, we need to
check whether the previous estimated parameter exceeds the
maximum value and update the maximum value:

max w(k) = max(w(k), max(w(k))) (17)
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The proposed observer is a dynamic adaptive observer that
can execute both forward prediction and primary prediction. To
avoid system oscillation and instability, parameter F is limited
as follows:

E = max(w(k)) + h (18)

3.3. Leading Angle Flux Weakening Control

The traditional flux weakening control usually uses a fixed cur-
rent vector distribution to achieve speed regulation. However,
at high speeds, it is easily affected by voltage limits and current
saturation, making it difficult to maintain output performance.
Although the output can be adjusted by changing the ratio of the
direct-axis current to the quadrature-axis current, this method
cannot fully utilize the voltage capability of the inverter at high
speeds, which limits system performance.

Therefore, the advanced leading angle flux weakening con-
trol strategy is introduced. By adjusting the phase angle of
the current vector, the magnetic field is effectively weakened,
thereby improving the stability and speed regulation ability of
the motor at high speed.

This method achieves flux weakening expansion by control-
ling the phase angle () of the current vector. The mathematical
formulation is expressed as follows:

{?dzfs‘cf’sﬁ (19)
ig =15 -sinf

To optimize motor performance at high speeds, the leading
angle flux weakening control adjusts the phase angle of the cur-
rent vector to enhance the utilization of the terminal voltage
relative to the DC bus voltage.

When the motor speed exceeds its rated value, this method
increases the leading angle 3 of the current vector through a
proportional-integral (PI) regulator. In this way, the direct-axis
current component ¢4 is increased while the quadrature-axis
current component i, is reduced. As a result, the back electro-
motive force is weakened, allowing the motor to operate stably
under high-speed conditions, as illustrated in Fig. 4.

& Uy o 7 i
T‘;— u, +u, PI O

FIGURE 4. The leading angle of current vector in flux weakening con-
trol.

As shown in Fig. 5, the optimization is achieved by regu-
lating the proportion of current components. The system con-
trols the current vector and phase angle 5 of the motor using a
proportional-integral regulator. The PI controller continuously
eliminates the steady-state speed error and generates the corre-
sponding control signal. To ensure stability, phase angle ( is
further constrained within the range of 0 to —m /2, which pre-
vents excessive modulation and guarantees reliable high-speed
operation.

By dynamically computing and updating the phase angle /3
in real time, the system adaptively adjusts both the direct-axis
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FIGURE 5. Leading angle flux weakening control.
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FIGURE 6. Permanent magnet synchronous motor deadbeat flux weakening control overall frame diagram.

(1q) and quadrature-axis (¢4) current components. This coordi-
nated regulation reduces the effective back electromotive force,
enhances the flux-weakening capability at elevated speeds, and
significantly improves the efficiency of high-speed regulation.
As a result, the motor is able to sustain stable operation under
demanding conditions, extend its operating speed range beyond
the rated limit, and achieve improved reliability and control pre-
cision.

An improved PMSM control framework is proposed by com-
bining the predictive disturbance suppression model and lead-
ing angle flux weakening control strategy, as shown in Fig. 6.
The framework consists of two core modules.

Firstly, the PDSM module addresses problems caused by ex-
ternal disturbances. The recursive least squares algorithm and
ESO are used to predict and compensate disturbances in real
time, thereby enhancing robustness and stability, ensuring ef-
fective disturbance suppression at high speeds, and maintaining
precise motor control.

Secondly, the leading angle flux weakening control module
optimizes the motor’s magnetic field by adjusting phase angle 3
of the current vector. This approach overcomes the voltage and
current limitations of traditional control methods in the high-
speed region and improves the speed-regulation performance
of the motor.
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In addition, PI controller is employed to accurately regulate
the direct-axis current ¢4 and quadrature-axis current 4., ensur-
ing both dynamic response and stable operation of the motor un-
der varying conditions. By integrating disturbance prediction
and current regulation, the overall control strategy effectively
enhances performance and reliability of the motor in high-speed
and complex environments.

4. EXPERIMENT

As shown in Fig. 7, the PMSM used in the experiment has the
following key technical parameters: DC bus voltage Uy, =
310V, rated speed 6000 r/min, pole pairs p = 4, stator resis-
tance R = 1.6 (2, stator inductance L = 5.075 mH, and rotor
flux linkage ¢y = 0.0825 Wb. Some of the main rated pa-
rameters, such as rated power, rated current, rated voltage, and
rated torque, are listed in Table 1. In addition, the control hard-
ware adopts a digital signal processor (DSP) (TMS320F28335)
and current sensors (ACS712, 20 A), which ensures accurate
measurement and reproducibility. Regarding the control strat-
egy, the experiment applies vector control with i; = 0, and the
torque is regulated by i,,.

In this experiment, under weak flux weakening conditions
with a target speed of 6000 r/min, which corresponds to the
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TABLE 1. Parameters of the PMSM.

Parameters Value Parameters Value
Rated power (F;) 0.2kW Rated current (/s) 2.1A
Stator resistance (Rs) 1.6Q Permanent magnet flux linkage (vr) 0.08Wb
Inductance (Ls) 5.07mH Pole pairs 4
Rated voltage (Uqc) 310V Rated torque (7¢) 0.64N - m
6312r/min I I -
- 6000 < << .
g ‘§ 4000 6200r/min 6000r/min J
4 . % 2000 :
14 . 0 L L !
. 12ms
i board H R < 2”\'%%.\##] I ]
i =4 i E
! Auxiliary & : B 2
L, power supply 0 ]
>} > ‘.‘.‘ : . 5 1 : L : 1 -
0 b \‘«“ww‘\\"\‘\.‘,%gn:‘l\w
N = 2r — e 4
‘ T
DC power
supply -6 . . | A=129A
5 0.0 0.5 1.0 1.5 2.0

FIGURE 7. PMSM experimental platform.
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FIGURE 9. Conventional DPCC with load step disturbance.

rated speed of the tested PMSM, the load was decreased from
0.6N-m to 0.3N-m, and an additional step disturbance of
0.4 N-m was applied at 1 s, resulting in a total load of 0.7 N-m
at that instant. The controller sampling period was set to 10 us
(equivalent to 100kHz). As shown in Fig. 8, the PI control
method exhibited a pronounced overshoot, with the maximum
speed reaching 6312 r/min. At 1s, the speed stabilized at ap-
proximately 6200 r/min, which is 200 r/min higher than the
steady-state reference. Meanwhile, the dynamic response of
the currents was relatively slow, with the settling times of i,
and 74 being 12 ms and 16 ms, respectively. The current oscil-
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FIGURE 8. Speed and current response under PI control with load step
disturbance.
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FIGURE 10. Proposed DPCC-PDSM with load step disturbance.

lation amplitudes reached Ai, = 1.06 A and Aizg = 1.29A.
These results indicate that the conventional PI controller in the
flux weakening region suffers from significant dynamic lag and
steady-state deviation under load disturbance and dead-time ef-
fects, reflecting its limited robustness.

In contrast, as illustrated in Figs. 9 and 10, the predic-
tive control strategies achieved notable performance improve-
ments. The conventional DPCC method reduced the overshoot
to 6090 r/min, and the speed at 1 s reached 6180 r/min, corre-
sponding to a deviation of 180 r/min. The settling times of i,
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FIGURE 11. Current responses under a sudden 30 V perturbation on the u,, axis for the three control methods. For each subfigure, the top trace shows
the g-axis current 44, and the bottom trace shows the d-axis current 74, with the corresponding deviations and transient response times indicated. (a)
PI method. (b) Conventional DPCC method. (¢) Proposed DPCC-PDSM method.

and ig were shortened to 10 ms and 12 ms, while the current
oscillation amplitudes decreased to 0.98 A and 0.78 A.

Furthermore, the proposed DPCC-PDSM method demon-
strated superior dynamic behavior: the speed overshoot was
further suppressed to 6040 r/min, and the speed at 1s stabi-
lized at approximately 6140 1/min, reducing the deviation to
140 r/min. The settling times of i, and ¢q were improved to
6 ms and 9 ms, indicating a 40-45% faster response than con-
ventional DPCC. The current oscillation amplitudes were min-
imized to 0.68 A and 0.56 A, representing reductions of 35.8%
and 56.6% compared with PI.

Overall, these comparative results clearly demonstrate that
the DPCC-PDSM method provides significantly enhanced ro-
bustness and dynamic performance in the flux weakening re-
gion, effectively reducing overshoot, accelerating current tran-
sient response, and suppressing oscillations, thereby demon-
strating superior engineering applicability compared with PI
and conventional DPCC.

A voltage disturbance experiment was conducted, in which a
sudden 30V perturbation was injected into the u,, axis to eval-
uate the disturbance rejection performance of the three control
strategies. As shown in Fig. 11(a), under PI control the devi-
ations of 7, and 74 were 2.42 A and 1.79 A, respectively, indi-
cating large current fluctuations and poor stability. As illus-
trated in Fig. 11(b), with the conventional DPCC method the
deviations were reduced to 1.99 A and 1.63 A, demonstrating
an improvement in disturbance suppression but still with con-
siderable oscillations. Finally, as shown in Fig. 11(c), the pro-
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posed DPCC-PDSM method further decreased the deviations
to 1.07 A and 0.83 A, corresponding to reductions about 55.8%
and 53.6% compared with PI. These results clearly confirm that
DPCC-PDSM significantly enhances current stability and ro-
bustness under sudden voltage disturbances.

5. CONCLUSION

In this article, a deadbeat predictive current control strategy
based on a predictive disturbance suppression model, DPCC-
PDSM, is proposed to enhance PMSM robustness. The main
contributions can be summarized as follows:

A predictive disturbance suppression model is developed by
integrating the recursive least squares algorithm with an ESO.
This framework enables predictive compensation of current er-
rors, ensuring effective disturbance rejection with low compu-
tational burden.

DPCC-PDSM is systematically evaluated against PI and con-
ventional DPCC under sudden voltage perturbations and abrupt
load torque steps. Results show that PI suffers from significant
overshoot and oscillations, while DPCC achieves moderate im-
provement. In contrast, DPCC-PDSM suppresses the speed
overshoot and reduces the steady-state speed deviation, which
is about 22% lower than conventional DPCC. It also shortens
the current settling times, corresponding to a 40-45% faster re-
sponse. The current oscillation amplitudes are reduced, repre-
senting reductions of 35.8% and 56.6% compared with PI. In
addition, under a sudden voltage perturbation, DPCC-PDSM
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reduced the current deviations, corresponding to about 55%
lower than PL

The proposed method maintains current stability and dy-
namic tracking in high-speed flux weakening operation. Its
ability to suppress both voltage disturbances and load varia-
tions highlights its practical value for high-performance PMSM
drives.

Overall, the experimental results quantitatively confirm that
DPCC-PDSM demonstrates excellent robustness, effectively
reducing oscillations and overshoot while ensuring stable and
reliable dynamic behavior under disturbances, thereby making
it highly suitable for industrial PMSM drive applications.
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