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Abstract: In order to improve the dynamic response and disturbance rejection performance of electric
machines, a deadbeat predictive speed control (DPSC) scheme for a permanent magnet synchronous
motor (PMSM) is proposed. To begin with, a DPSC controller was proposed with the purpose of
achieving precise control for the next control cycle, and the control parameters were determined based
on the optimal parameter design method. For better application, performance comparisons were
made with a conventional PI control, and the mismatch effects of inertia and torque were analyzed.
In order to improve the disturbance rejection performance of the system, an extended sliding mode
observer (ESMO) was constructed to compensate for disturbances. Experimental verification with
a conventional PI control indicates that the proposed DPSC control can reduce the speed response
time from 0.675 s to 0.650 s. When the electric machine operates stably and is applied to a torque
disturbance of 0.4 Nm, the speed fluctuation and settling time can be reduced from 9 rpm and
1.7 s to 6 rpm and 0.5 s, respectively. This proposed method effectively enhances the speed control
performance of PMSM and can be applied to high-performance electric machine applications.

Keywords: permanent magnet synchronous motor (PMSM); deadbeat predictive speed control
(DPSC); extended sliding mode observer (ESMO); anti-load disturbance

1. Introduction

With its excellent performance, the permanent magnet synchronous motor (PMSM)
has been widely applied in industrial robots, CNC machining centers, new energy vehicles,
hydrogen fuel cells, wave power generation, wind power generation, and other fields [1-4].
It is an important component for realizing intelligent manufacturing and building new
electrical power systems. In many application scenarios, when the dynamic response is
high, the response time of the control system is shorter, which is beneficial for improving
production efficiency. When the dynamic response is low, the control system cannot
track fast speed commands, which can easily cause system oscillation, increase machining
errors, and affect product quality. In addition, the PMSM operates in different states
and environments, and the presence of motor parameters and external disturbances is
inevitable, which affects the stability and control accuracy of the system. Therefore, in order
to improve production efficiency and accuracy, it is necessary to improve the response
speed and disturbance resistance performance of the PMSM control system.

The traditional PI control exhibits poor control performance when the system is
subjected to internal parameter variations, such as resistance, inductance and flux, as
well as external disturbances, such as load torque and inertia fluctuations [5]. In addition
to PI control, there are many advanced control strategies used to improve the control
performance of PMSM, such as sliding mode control [6,7], fuzzy control [8,9], predictive
control [10,11], and intelligent control [12,13]. Among them, predictive control has become
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a research hotspot in the field of motor control due to its excellent dynamic performance
and significant potential.

According to the different control structures, predictive control can be divided into
cascaded predictive control and non-cascaded direct predictive control [14]. Cascaded
predictive control maintains the original dual-loop control structure, providing better
stability. On the other hand, non-cascaded direct predictive control changes the original
dual-loop control to a single-loop control, resulting in a faster dynamic response but in-
creased sensitivity to parameter variations. Based on specific implementation principles,
predictive control can be divided into model predictive control and deadbeat predictive
control [15]. Model predictive control has relatively strong robustness but requires sig-
nificant computation, leading to large current harmonics and speed ripples, as well as a
complex weight factor design. On the other hand, deadbeat predictive control operates
with a fixed switching frequency, simple algorithm, lower computational load, and smaller
ripples, and exhibits good tracking performance and a dynamic response. Based on the
different control objectives, predictive control can also be classified into current predictive
control and speed predictive control [16], with the former having been developed earlier
and having relatively mature research.

In this control strategy, employing advanced predictive control in the current loop
can enhance the current dynamic performance of PMSM. However, due to the limitations
of classical control methods in the outer speed loop, the improvement in speed control
performance is not significant, which further impacts the position servo and industrial
applications [17]. The emergence of speed predictive control has provided an effective
method for improving the control performance of the speed loop and has become a new
research hotspot. However, similar to other predictive control methods, the performance
of speed predictive control also relies on the parameters of the PMSM system. In order to
reduce the impact of internal parameters and external disturbances on dynamic response
and steady-state errors, various methods are typically employed for improvement, such as
parameter identification [18], precise modeling [19], a Luenberger observer [20], a sliding
mode observer [21], and a Kalman filter [22]. Parameter identification can accurately
identify system parameters but it has a relatively poor disturbance rejection capability.
Accurate modeling can enhance the robustness of the system but it increases the complexity
of the algorithm and makes it difficult to account for unmodeled dynamics. The Luenberger
observer has a fast response and small error but it is susceptible to the effects of parameter
mismatch. The Kalman filter has a high disturbance rejection capability and accuracy
but it has a complex algorithm and requires a large computational load. The sliding
mode observer has a low requirement for model accuracy, strong robustness to parameter
perturbation and external perturbation, and is easy to implement, making it an increasingly
popular research topic [23-25].

Reference [26] proposed a deadbeat predictive current control method. In order to
solve the problem of parameter mismatch in the PMSM model, the least squares method is
used to identify the electromagnetic parameters. To improve the response of current control
and reduce the influence of parameter fluctuations, reference [27] proposed a deadbeat pre-
dictive current control method with integral disturbance feed-forward. In order to reduce
the sensitivity of parameter errors in deadbeat predictive current control, reference [28]
used extended Kalman filter compensation to reduce the impact of disturbances and pa-
rameter mismatches. These articles have improved control performance from different
aspects. However, the combination of deadbeat predictive current control and a PI speed
controller will affect the overall control performance of the system.

On the other hand, model predictive direct speed control using the non-cascaded
control structure for direct speed prediction control can avoid the influence of the outer
speed loop and directly achieve speed prediction control. A model predictive direct speed
control method for PMSM was proposed in [29], and an SMO observer was formulated
to compensate for the reference voltage error caused by parameter disturbances. Refer-
ence [30] proposed a speed-predictive control method with online adjustment of weight
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factors. By constructing a new cost function, the speed dynamics have been improved. A
model predictive direct speed control was proposed for PMSM in [15], equipped with a
novel dual second-order SMO observer, improving the robustness and high bandwidth of
the control system. However, these control methods adopt a non-cascaded control structure,
which can easily generate a large current and speed ripples, reducing the stability of the
control system. Meanwhile, these methods control both current and speed simultaneously,
resulting in an increased computational burden on the controller.

In response to the research status and issues above, this paper proposes a deadbeat pre-
dictive speed control (DPSC) method with an extended sliding mode observer (ESMO) for
a surface-mounted permanent magnet synchronous motor (SPMSM). In order to improve
the dynamic performance of the speed loop while maintaining good stability, a cascade
structure-based DPSC control method is proposed. The design method and principles for
parameter selection of this controller are provided. The control performance of this method
was compared with a PI controller as a reference. The impact of external disturbances
(inertia and torque errors) on the control performance was analyzed, and an ESMO was
designed to enhance the disturbance rejection capabilities. Finally, the effectiveness of the
proposed method was verified through experiments. The designed DPSC controller and
ESMO observer improved the parameter robustness of predictive control.

The remainder of this article is organized as follows. Section 2 introduces the deadbeat
predictive speed control of PMSM. In Section 3, a comparative analysis is conducted with
PI control, and the impact of parameter mismatch is also studied. Subsequently, the ESMO
torque observer is designed in Section 4. The experimental testing and validation are
presented in Section 5. Section 6 concludes this paper.

2. Deadbeat Predictive Speed Control
2.1. DPSC Controller Design

According to the working principle of SPMSM, its dynamic equation can be expressed
as follows [31-33]:

@:
{dt Ax+Bu (1)
y=Cx
onl - [ ][k
where x = [TL},A: (r)n (r)n ,B = 81 ,C=[10],u=Te, ¥y = wm.

In the formula, wm, represents the mechanical angular velocity of the rotor, T} rep-
resents the load torque of the motor, By, represents the viscous friction coefficient, |,
represents the rotational inertia of the motor, and Te represents the electromagnetic torque
of the motor.

According to the Newton motion Equation (1) of the PMSM, using the forward Euler
method for discretization, it can be obtained that:

T[kti; — Tp(k) — Buewm (k)] = Ji[wm(k +1) — wp (k)] 2)

where T is the control period and k; is the motor torque constant.

In order to improve the control performance, predictive control is used to follow
the speed value of the next control period (k + 1) T within the present control period
kT. To enable the motor speed to track the speed command of the present period, if
wm(k+1) = wy, (k) is taken while neglecting the viscous friction coefficient B, the control
law for DPSC can be obtained as follows:

Ty (k)
ki

i = M () — wm ()] +

77 Tk ©)

where wj;, (k) is the velocity setpoint at time k.
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2.2. Determination of Control Parameters
In practical applications, the system inertia cannot be accurately obtained. Therefore,
the control parameter %—}?t for DPSC can be denoted as ks, as shown in Figure 1. In the dia-

gram, G;c(s) represents the transfer function of the current loop, while ij and i, respectively
denote the current reference value and the actual value.

m

- . I
q G ) q k -
e (8) i s

Figure 1. Deadbeat predictive speed control block diagram.

Since the adjustment process of the current loop is faster than that of the speed loop,
it can be equivalently represented as a first-order inertia link. By taking G;.(s) = ﬁ,
the input-output transfer function G, (s) and torque disturbance-output transfer function
GrL(s) of the DPSC control system can be obtained as follows:

CL)m kskt
G = = 4
w(s) wi, 2T [1ns% + Jims + ksk; @)
w 27Ts
Grr(s) = — = 5)

T, 2TJwS2 + Jms + kski

From the system control structure and transfer function (4) and (5), it is well known that
a larger value of ks can make the system more responsive and quicker, but an excessively large
ks value will lead to system oscillation and instability. Pursuant to the principles of automatic
control, the stability of a system is directly correlated with the positioning of the poles within
the closed-loop transfer function. Based on the open-loop transfer function, in order to achieve
optimal stability and dynamic, the parameter and damping ratio must be met.

kski _
{ EkoT =05 ©
¢ =0.707
where ¢ is the damping ratio.

In the system, the control frequency is 10 kHz, the motor torque constant k; is 1, and
the rotational inertia Jn, is 2.34 x 1073 kg-mz, so the DPSC control parameter ks can be
calculated as 5.85 from Equation (6).

The plot root locus of the system as shown in Figure 2. From the graph, it can be seen
that the intersection point of the root locus and ¢ = 0.707 is to the optimal closed-loop pole.
The intersection pole is s1 » = —2500 & 2500 i, with a gain of ksk; as 5.85. Therefore, based on
the value of k; = 1, the corresponding control parameter k; is further confirmed to be 5.85.

3000

0.707,

2000 ¢

1000 |

0+

Imaginary axis

-1000

-2000 -

-3000 0.707

-6000 -5000 -4000 -3000 -2000 -1000 O 1000

Real axis

Figure 2. Control system root locus: blue and green represent root trajectories, and red represents the
trend of root trajectory changes.
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3. Control Performance Analysis
3.1. Comparison of Control Performance

In order to rigorously demonstrate the effectiveness of the proposed DPSC control
methodology, a comparative analysis has been undertaken with the conventional PI control
mechanism. Figure 3 presents the block diagram of the PI speed control system, wherein
ky and k; represent the proportional and integral coefficients of the PI speed controller,
respectively.

@ k. l |,
m : G k
+ K, * s «(5) e J s

Figure 3. Block diagram of the PI speed control system.

Similarly, taking the closed-loop transfer function of the current loop as G;.(s) = 2Tslﬁ/
the input-output transfer function G, (s) and the torque disturbance—output transfer
function Gt (s) for the system under traditional PI speed control can be obtained as follows:

kykis + kik
Guls) = 20 = S sl @)
wyy 2T s + Jms= + kpkes + kik:
Wi 2Ts2 + s
Gri(s) = — = — 8
TL( ) T, 2T]m53 + ]m52 + kpktS + kik; ®
When using PI speed control, its transfer function can be denoted as follows:
ki
Gs(s) = kP + s ©)

where k; = I%” and T represent the integral time constants.
Following the typical Type-II system, apply the third-order optimal design method to
design the PI control parameters:

koke 1 (10)
I ™ 2hx(2T)?

{ T=hx2T

where £ is the mid-frequency bandwidth. As the system has the shortest settling time when
h =4, it is chosen accordingly and substituted into Equation (10) above. Similarly, with the
system control frequency set at 10 kHz, the motor torque constant k; as 1, and the rotational
inertia Jm as 2.34 x 1073 kg-mz, the numerical values of k, and k; can be calculated as 5.85
and 7312.5, respectively.

To compare and analyze the performance of different speed control methods, under the
optimal control parameters, i.e., taking ks = 5.85, k, = 5.85, and k; = 7312.5, and substituting
the motor parameters from Table 1 into Equations (4) and (7), the Bode plot and speed
response curve of the system under the proposed DPSC and conventional PI control are
obtained for the reference speed as a unit step input, as shown in Figure 4.
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Table 1. PMSM motor parameters.

Parameters Value Parameters Value
Rated power (kW) 3 Stator inductance (mH) 23.1
Rated torque (Nm) 5 Stator resistance (() 1.386
Rated speed (rpm) 1500 Rotational inertia (kg-m?) 2.34 x 1073
Rated current (A) 5 Friction coefficient (N-s/m) 3.01 x 1073

Number of pole pairs 2
10 ]
S ! T
T 0| DPSC N
E“ -30 | \\\
< 40 | N
-50 ™
0 ",
45 \\
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é -90 //x:“(/
&~ 135 + Pl — \\
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(a) Bode plot of the transfer function.
1.50 T T T T T T T T T
N
(T e e e e e
B T S B
E o LEING o]
(=9 3 I I | | | | 1 I
@050 R e e S
028
0 0.002 0.004 0.006 0.008 0.01

t/s
(b) Step response of speed.

Figure 4. Speed transfer function control curve.

From the Bode graph in Figure 4a, it can be seen that the control frequency for the
DPSC with a phase lag of —90° is about 600 Hz, while the frequency for the PI control
with a phase lag of —90° is about 500 Hz. It is obvious that the bandwidth of the DPSC is
significantly higher than that of the PI control, with a faster dynamic response. As shown
in Figure 4b, when a step reference speed is input, the speed overshoot of the traditional
Pl is relatively large. When using DPSC speed predictive control, the speed overshoot is
basically zero, and the system exhibits a faster dynamic response and shorter settling time.

Similarly, by substituting the motor parameters from Table 1 into Equations (5) and (8),
the Bode plot and speed response curve of the system under the disturbance input of a
unit step load torque for the two different control methods are obtained, as shown in
Figure 5. From the graph, it can be seen that compared to traditional PI speed control,
DPSC speed predictive control shows improved disturbance rejection capability against
load disturbances, allowing the system to recover to a stable state more rapidly.
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Figure 5. Torque transfer function control curve.

3.2. Parameter Mismatch Impact

Due to the mismatch errors in the actual parameters of inertia and load torque in
speed control, in order to analyze the impact of inertia error and load torque error on the
speed control output iy, control law models containing inertia error and load torque error
are established separately.

When there is a mismatch error in the inertia, denoted as J},, Equation (3) of control
law for DPSC becomes

Tr (k)
ki

= I L () — ()] +

1~ Tk, (11)

Subtracting Equation (11) from Equation (3), the current dynamic error can be obtained
as follows:

97 Tky

where AJ,;, = Ju — ]I, represents the difference between the actual inertia J,, and the
modeled inertia J},.

Through Equation (12), it can be observed that the inertia error will have a certain
impact on the output i; of DPSC control. Plot the error in i; generated by inertia errors
of £30%, as shown in Figure 6. In the analysis of Figure 6, it is discernible that under a
specified rate of change in angular velocity, the magnitude of the current error escalates in
tandem with an augmentation in the inertia error. Conversely, maintaining a constant level
of inertia error, the current error exhibits a corresponding growth as the angular velocity
change rate intensifies. In this system, the maximum value of the i; error caused by the
inertia error is 0.0702 A.

(w3 (k) — wm (k)] (12)
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Figure 6. The impact of inertia error on predictive control.
Similarly, when there is a deviation in the load torque, denoted as T}, the control law
for DPSC becomes

-x/ ]m *
by = g, lom (k) = won (k)] +

Subtracting Equation (13) from Equation (3), the current dynamic error can be obtained
as follows:

(13)

. ATy,
L
=T

where AT, = T — T] represents the difference between the actual torque Ty, and the
modeled torque T;.

Through Equation (14), plot the error in i; generated by the load torque errors of
+30%, as shown in Figure 7. Analyzing Figure 7, it can be observed that when the torque
error is constant, the current error increases as the torque coefficient decreases; and when
the torque coefficient is constant, the current error increases with the increase of the torque
error. Specifically, when the torque coefficient k; is 1, the maximum value of the i; error
caused by the load torque error is 1.5 A.

From the analysis above, it can be seen that both the inertia and torque parameter
errors affect the predictive control output iy, but the i; is more sensitive to torque errors. To
improve control accuracy, in system design, the primary consideration should be to reduce
the impact of torque error on speed predictive control.

(14)

3

3 2
< 2 \
=1 1
g 1
Lo
5 . 0
£
S -2 .

-3

15

7,123 -2

e, ! 0.75 // )
Xl 0.572 eeﬁ"‘(N -3
0160[ . 10(0.“

Figure 7. The impact of torque error on predictive control.
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4. ESMO Torque Observer
4.1. The Observer Design

To mitigate the impact of torque error on DPSC control and enhance the system’s
resilience against load disturbances, an extended sliding mode observer (ESMO) is for-
mulated to observe and compensate for load torque. The sliding surface is defined as the
error between the estimated speed and the actual speed, denoted as S = @, — w,, and
the constant convergence rate is adopted. Furthermore, to enhance the system’s dynamic
performance, a continuous function sigmoid(s) is used instead of the sign function sign(s) in
conventional reaching law, and the expression is as follows:

U = K- sigmoid(s) (15)

where K is the control parameter of the sigmoid(s).
According to the principle of Equation (1) of PMSM, the ESMO can be formulated as

follows: ()
d@, _ 1 Te—T,
{ =g U

dT
a = 8u

(16)

where g represents the sliding mode parameter and T} represents the observed load. The
observation principle of ESMO is shown in Figure 8.

Figure 8. ESMO observation principle block diagram.

To ensure the sliding mode control reaches the sliding surface rapidly and stably, it is
necessary to design the observer parameters reasonably. The error equations for speed and
torque are defined as follows:

Sl = CDE — We
{ Sy = TL - TL (17)

Since the load torque T}, has a relatively high sampling frequency, it can be considered
as a constant within one sampling period. From Equation (16), the error differential
equation can be derived as follows:

dsi ™% g
{ A O s
@ =8u

To ensure the stability of the system, it is necessary to satisfy the Lyapunov stabil-
ity equation:

d
19
=51 ['—n]”;z +K- sigmoid(s)} <0 19)
Thus, the range of values for K can be obtained as follows:
K< |22 (20)
Jm
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Designing a reasonable value for K can help the system reach the sliding surface
quickly, while ensuring that the sliding surface S and its derivative satisfy the following:

_ s _
{i:%lo e

Substituting the equation above into Equation (18) yields the following:

dSz TlpSZ

o 8 =0 (22)

To ensure the convergence of the torque observation error to zero, the Lyapunov
stability equation should be satisfied.

dSz

2L < 2

"2 <0 23)
By substituting (23) into Equation (22), it can be derived that the sliding mode pa-

rameter g should be less than or equal to zero. It is evident that when g equals zero, the

constructed ESMO Equation (16) becomes meaningless, hence parameter g should satisfy

the condition g < 0.

4.2. Principle of System Control

In speed predictive control, torque observation is introduced and updated into the
DPSC controller to enhance the control performance of the system. By substituting the
identified torque value Ty obtained from the observer into Equation (3), the control law for
speed predictive control with ESMO can be derived as follows:

A

i = 2w h) - ()] +

(24)

After the torque observation and update described above, the schematic diagram of
the DPSC control method with ESMO proposed in this paper is shown in Figure 9.

The proposed method

------------------ g A

o 0
d/dt < encoder 4—@

Figure 9. Adaptive deadbeat predictive speed control.

5. Experimental Research

The experimental platform includes a MT1050 controller from Shanghai Yuan Kuan
Energy Technology Co., Ltd., Shanghai, China, with TMS320F28335 as the main control
chip, a PMSM motor from Hebei Electric Machinery Co., Ltd., Cangzhou, China, and a load
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motor, torque sensor, and upper computer, as shown in Figure 10. The driver is powered
by 380 V DC, and the switching frequency of the inverter is 10 kHz. The motor used is
fully consistent with the theoretical analysis, and its parameters are listed in Table 1. In the
experiment, the same PI current controller is used, with parameters ks = 5.85, k, = 5.85, and
k; = 7312.5 for the speed controller.

\

PC 'MT1050
with monitor controller

Figure 10. PMSM drive control system.

5.1. Observer Performance Analysis

Figure 11 shows the waveform output of the ESMO observer. The motor’s specified
speed is 1000 rpm, which is equivalent to an electrical angular velocity of 209.44 rad/s.
Due to mechanical installation errors, the experimental system has inherent friction and
damping of 1.1 Nm, with an additional load torque of 4 Nm applied during the experiment.
From the top to bottom of Figure 11 are the actual angular velocity, estimated angular
velocity, and estimated load torque of the ESMO, respectively. It can be seen that the
designed ESMO observer is capable of accurately observing the load torque and electrical
angular velocity. The estimated angular velocity can follow the actual angular velocity
with high accuracy and a consistent trend of change. The response of the estimated load
torque is fast, and the error is small. The convergence time for torque observation is 690 ms
with an error of 3.89%, which can provide disturbance compensation for speed control.

§$318 T T T T T T
& & 316

c =

= 2314

= £

£ 8312

9 ©

< 2310 1 1 L 1 1 1
E"318

22 T T T T T T
2% 316

= 314

=2

£ .8 312

= 2310 I I I I I I
o

torque(N-m)
< LSS S o Y
L
[/

time(s)
Figure 11. ESMO torque observation waveform.

5.2. Dynamic Response Analysis

To validate the effectiveness of the proposed method, three control methods are
compared: conventional PI control, PI control with disturbance compensation (PI + ESMO),
and disturbance compensated deadbeat predictive speed control (DPSC + ESMO). The
PMSM is started and operated with a load torque of 1.1 Nm at a reference speed of 1000 rpm.
Figure 12 shows the experimental waveforms for different control methods. Based on the



Electronics 2024, 13, 3421

12 0of 17

analysis of the response depicted in Figure 12a, it is evident that the i; current of the PI
control exhibits significant fluctuations, followed by a lesser degree of fluctuation of the
PI + ESMO, and the DPSC + ESMO control exhibits the minimal current fluctuation.
Meanwhile, as shown in Figure 12b, the response time of conventional PI is 0.675 s with no
overshoot and a speed fluctuation of 4 rpm; PI + ESMO has a response time of 0.675 s, also
with no overshoot and a speed fluctuation of 3 rpm; DPSC + ESMO has a response time of
0.65 s, likewise with no overshoot and a speed fluctuation of 2 rpm. Table 2 provides the
comparative data. It is evident that the proposed DPSC + ESMO method can improve the
system’s dynamic response, effectively reduce the settling time and speed fluctuation, and
enhance speed tracking performance.

1.03
1.01 r PI-H;;VIO
[ DPSC+ESMO
099 | r i ‘M
= 097 |
19) X L | |
: ‘ \"H\‘ ‘ l“”\l l'll\
%093 TM g
0.91 YUY
0.89
0.87 . : . . .
6 6.5 7 7.5 8 8.5 9
time(s)
(a) Current response.
1250
1200 f s
1150 | 1210 \
g 1200 W
5 1100 1
& 1190
1050 F 8.1 82 |
—_— Reference speed
1000 mt
—_— PI+ESMO
DPSC+ESMO
90 6 6i5 7 7I.5 8 xl.s 9
time(s)
(b) Speed response.

Figure 12. Dynamic response of different control methods.

Table 2. Experimental results of speed response.

Control Method Settling Time Fluctuate Error
PI 0.675s 4 rpm
PI + ESMO 0.675s 3 rpm
DPSC + ESMO 0.65s 2 rpm

5.3. Disturbance Rejection Performance Analysis

The PMSM is started and operated at a reference speed of 1000 rpm with a load torque
of 1.1 Nm. After reaching stability, a sudden additional load torque of 0.4 Nm is applied
to the system until it stabilizes again. Subsequently, the load is removed to restore the
torque to its original 1.1 Nm level. The experimental waveform is shown in Figure 13.
From the figure, it can be observed that the maximum speed fluctuation for conventional
PIis 9 rpm with a recovery time of 1.7 s; for PI + ESMO, the maximum speed fluctuation is
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9 rpm with a recovery time of 0.9 s; and for DPSC + ESMO, the maximum speed fluctuation
is 6 rpm with a recovery time of 0.5 s. Table 3 provides the comparative data. It can be
seen that when subjected to disturbance, the proposed DPSC + ESMO method is able
to reduce speed fluctuation and recovery time, thus improving the system’s disturbance

rejection performance.
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Figure 13. Speed waveform of 0.4 Nm load change.

Table 3. Experimental results of 0.4 Nm load disturbance rejection.
Control Method Overshoot Settling Time
PI 9 rpm 1.7s
PI + ESMO 9 rpm 09s

DPSC + ESMO 6 rpm 05s
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0.7 s. Table 4 provides the comparative data.
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Figure 14. Speed waveform of 4 Nm load change.

Table 4. Experimental results of 4Nm load disturbance rejection.

To further validate the performance of the proposed method, experimental research
was conducted near the rated load. The PMSM is stable when operated at a reference speed
of 1000 rpm with a load torque of 1.1 Nm, and a sudden additional load torque of 4 Nm
is applied to the system. Subsequently, the load is removed to restore the PMSM to the
original 1.1 Nm level. The experimental waveform is shown in Figure 14. It can be observed
that the maximum speed fluctuation for conventional PI is 12 rpm with a recovery time of
2.4 s; for PI + ESMO, the maximum speed fluctuation is 9 rpm with a recovery time of 1.4 s;
and for DPSC + ESMO, the maximum speed fluctuation is 7 rpm with a recovery time of

Control Method Overshoot Settling Time
PI 12 rpm 24s
PI + ESMO 9 rpm 14s
DPSC + ESMO 7 rpm 0.7s




Electronics 2024, 13, 3421 15 o0f 17

From the experimental results above, it can be seen that the proposed DPSC method with
ESMO has a better dynamic response and disturbance resistance performance than traditional
PI. This is because DPSC speed control does not have an integral term, which reduces
the damping effect, expands the system bandwidth, and improves the dynamic response.
Meanwhile, utilizing ESMO to observe disturbances and updating them into the controller
for torque compensation improves the system’s disturbance resistance performance.

6. Conclusions

We have proposed a PMSM deadbeat predictive speed control (DPSC) method with
an extended sliding mode observer (ESMO). The design method and parameter selection
principles of the controller are provided, and the effects of inertia error and torque error
on the control performance are analyzed. An ESMO observer is designed to observe and
compensate for the load torque. The following conclusions are drawn through theoretical
analysis and experimental research:

1.  The inertia error and torque error have corresponding effects on the deadbeat pre-
dictive speed control. Specifically, the current error of the predictive control output
increases with the increase of the inertia error and torque error, but is more signifi-
cantly influenced by torque error, being more sensitive to it.

2. The designed ESMO observer can rapidly and accurately observe the load torque,
with a fast dynamic response to track load changes and small steady-state error. The
observation accuracy is 94.37%, which can provide disturbance compensation for
speed control.

3. The DPSC control method with an ESMO observer can effectively improve the sys-
tem’s dynamic response and disturbance rejection performance. Compared to conven-
tional PI control, the speed step response time is reduced from 0.675 s to 0.650 s, and
when subjected to a load disturbance of 0.4 Nm, the speed fluctuation and settling
time decrease from 9 rpm and 1.7 s to 6 rpm and 0.5 s, respectively.

4. The method proposed in this article has significant theoretical significance for im-
proving the control performance of an SPMSM speed system and can be applied to
control scenarios with fast speed response requirements, such as industrial robots,
CNC machine tools, and electric vehicles.
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