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Non-cascaded Robust Model Predictive Direct Speed
Control Based on the Reconstruction Model and

Third-Order ESO for SPMSM

Zhenrui Zhang ", Xingyu Wang

Abstract—This article presents a more robust model predictive
direct speed control based on the third-order extended state ob-
server (RMPDSC-TESO) method for surface-mounted permanent
magnet synchronous motor (SPMSM) servo systems to attain a su-
perior disturbance rejection performance and simplify parameter
adjustment. First, by taking advantage of the fast current response
to reconstruct the load disturbance, the disturbances in the motion
and voltage equations are transformed into a unified equivalent
current disturbance, thereby constructing a second-order speed
ultralocal model. Subsequently, a TESO that only requires con-
sideration of a single control parameter is adopted to estimate the
speed control model’s lumped disturbance, improving the system’s
robustness. Moreover, the deadbeat method is adopted to obtain the
optimal voltage control solution. Then, by conducting derivations
on the root locus and disturbance sensitive characteristics, the
system’s stability, anti-interference performance, and the influ-
ence of the input gain on the system’s dynamic performance are
demonstrated. Finally, experimental verification was carried out
on a SPMSM test platform based on a DSP F28379D chip, and the
results confirm the effectiveness of this control strategy in terms of
dynamic performance and unmodeled disturbance suppression.

Index Terms—Direct speed prediction control, permanent
magnet synchronous motor (PMSM), third-order ESO, unmodeled
disturbance suppression.

1. INTRODUCTION

ITH high efficiency and excellent speed-control
Wperformance, permanent magnet synchronous motors
(PMSMs) are widely used in various servo applications, es-
pecially in water-jet propulsion systems [1]. Model predictive
control (MPC) uses a predictive function to constrain state
variables and select the optimal output vector. Therefore, its
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performance is not restricted by the control bandwidth of the
frequency-domain system [2]. MPC has advantages such as
faster dynamic response and easier handling of nonlinear vari-
able constraints, making it popular in PMSM control scenarios.
Application of MPC includes model predictive torque control,
model predictive current control [3], and model predictive direct
speed control [4]. Regarding solution methods, they are divided
into continuous set solutions [5] and finite control set solutions
[6]. Considering computational performance, the continuous set
usually adopts a deadbeat solution method to obtain the optimal
control voltage [7]. Finite control set MPC retains the multiob-
jective optimization characteristics of MPC [8], but computa-
tional complexity requires more computing time. Meanwhile,
its steady-state performance is worse than the deadbeat MPC.
Therefore, the deadbeat solution method is now more widely
used. In addition, both model predictive current control and
model predictive torque control retain the speed PI controller. So,
the control structure still exhibits a cascaded characteristic, and
the dynamic characteristics of these two methods are basically
the same [9]. However, the cascaded structure limits the system’s
dynamic and anti-interference performance, especially when the
bandwidth of the speed loop cannot be increased [10].

With the advancement of control technology, the difference
in control periods between the speed and current loops has
gradually diminished and even vanished [11]. Therefore, current
and speed can be incorporated into the same evaluation system
to discard cascade control and achieve direct speed predictive
control. For example, Preindl and Bolognani [12] proposed
a model predictive direct speed control method based on a
finite control set, breaking through the limitations of cascade
linear controllers and achieving high-speed control dynamic
characteristics. Fuentes et al. [4] used an extended Kalman
filter to estimate system states and load disturbances, then
proposed a centralized predictive control strategy that simul-
taneously controls all system variables, including mechanical
and electrical variables, thus realizing direct speed control. Liu
et al. [13] proposed a model predictive direct speed control
strategy without a PI control unit. This strategy has excellent
speed tracking ability and effectively reduces speed deviation.
Zhang and He [14] designed a cost function with motor torque
constraints and a voltage optimization scheme based on speed
constraints, simplifying the selection process of weight coeffi-
cients. Although MPC has significant advantages over vector
control methods in dynamic performance and parameter tuning
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process, the system’s parameter time-varying and unmodeled
disturbances remain key factors restricting its performance.
Currently, suppression methods are mainly designed based on
the control structure characteristics of current control and speed
control.

The steady-state performance is vulnerable to the impacts
of modeling accuracy and load disturbances. For example, the
saturation inductance caused by an increase in current can lead
to current harmonics [15], [16]. In current control, parameter
identification and prediction error compensation are crucial to
address parameter time-varying disturbances. However, online
parameter identification algorithms generally require high com-
putational loads and cannot be adapted to all control systems.
Therefore, Zhou et al. [17] decoupled the stator inductance
and flux linkage based on the current prediction error model
to reduce the impact of parameter mismatch. Yuan et al. [18]
proposed a current change update mechanism, which can update
the modified prediction equation within each sampling period,
thus suppressing parameter time-varying disturbances. Never-
theless, prediction error compensation depends on the sampling
accuracy of the system, and itis difficult to meet the requirements
of systems with unmodeled disturbances.

Many scholars have proposed methods for suppressing pa-
rameter time-varying disturbances based on disturbance ob-
servers. Establishing a disturbance observer using a recon-
structed ultralocal model of the motor system has advantages in
suppressing the lumped disturbances of the system [19]. Liu and
Li [20] optimized the servo control structure of the PMSM using
an ESO, suppressing the impact of disturbances on the motor
performance, but did not eliminate the cascade structure. The
model-free predictive current control methods proposed based
on ESO in [21], [22], and [23], effectively reduced the impact
of prediction errors and improved the system’s robustness. On
this basis, to solve the problem of controller gain, Wu et al [24]
analyzed the influence of the input gain of the ESO on control
performance and proposed an adaptive gain control method.
These methods significantly enhance the robustness of model
predictive current control and suppress parameter time-varying
and unmodeled disturbances.

To further solve the problem of parameter time-varying dis-
turbances and load disturbances in model predictive direct speed
control, Chen et al. [25], Gao et al. [26], and Zhang et al.
[27] proposed a predictive speed control method based on the
cascaded disturbance compensation structure (PSC-CDCS) by
identifying the lumped disturbances of the speed loop and
current loop to suppress the parameter time-varying and un-
modeled disturbances in speed and current control. However,
this method must consider the coupling problem during the
parameter tuning of the current and speed observers. Besides,
it is not a truly cascade-free control method, and its dynamic
performance still has room for improvement. Given this, this
article conducts research on control structure and performance
optimization.

This article proposes a robust direct speed control method
based on a TESO to reduce the impacts of parameter variations
and load disturbances on speed predictive control. The main
contributions of this method are as follows:
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1) By reconstructing the control equations of motor current
and speed, the speed disturbance is equivalently converted
into a current disturbance, thus simplifying the control
structure. Meanwhile, a TESO matching the reconstructed
model is designed, which avoids problems such as the
cascade structure of inner and outer loops and improper
parameter matching, and enhances the dynamic response
of the speed.

2) The influences of all parameters are grouped into one
control gain to reduce disturbance variables and mitigate
the adverse effects on the system when the inductance
and flux-linkage parameters change simultaneously under
high-load conditions.

3) The disturbance sensitivity transfer function is established
to analyze the stability and interference ability of the
system. The influence of the change of observation gain
on the system’s dynamic and steady-state performance is
explained with the root locus. The deadbeat method is used
to solve the reconstructed prediction model directly, and
the computational efficiency of the processor is improved
by combining it with the reconstructed structure.

The rest of this article is organized as follows. Section II
introduces the design process of the speed reconstruction math-
ematical model of the SPMSM. In Section III, based on the
reconstructed speed model considering parameter variations and
unmodeled disturbances, the corresponding TESO is proposed,
and the stability of the observer and its influence on the sys-
tem are analyzed. Section IV uses an experimental platform to
verify the advantages of the proposed control method in terms
of steady-state, dynamic, and robustness. Finally, Section V
concludes this article.

II. DESIGN OF RECONSTRUCTED ULTRA-LOCAL SPEED
PREDICTION MODEL

The ideal mathematical model of the SPMSM does not con-
sider unmodeled and parameter variation disturbances during the
design, which may lead to prediction errors in the MPC algo-
rithm. Therefore, this section introduces unknown disturbances
into the prediction model and reconstructs the motor’s second-
order speed-prediction ultra-local model using the disturbance-
equivalence principle.

In the rotating coordinate system, the mathematical model of
PMSM is [28]

% _ &_(ﬂ"’BW’F)
dt —J J
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where v4 and v, are the d-axis and g-axis voltages, ig and i,
are the d-axis and g-axis currents, Ly and L, are the d-axis
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and g-axis inductances (for SPMSM: L, = Ly = L), R, is the
stator resistance, 1) is the permanent magnet flux, and w. is the
electrical angular velocity. w,, T., T1, B, and J represent the
motor’s mechanical angular velocity, torque, load torque, vis-
cous damping coefficient, and moment of inertia, respectively.
To construct an ultralocal model [22], ., f4, and f, are defined
as the disturbances of the system.
The motion equation of the motor is

T, = 1.5P4i, 2)

where P represents the motor’s number of pole pairs.

By using the ultralocal modeling concept, the ideal models
presented in (1) and (2) can be equivalently described as the
relationship between input and disturbance variables. Therefore,
the equivalent model of the system can be described as follows:

wr = awiq + fw
iq = aquq + fa 3)
iq = QqUq + fo

where oy, a4, and o are the gain coefficients of the input
variables, and o, = 1.5PY/J, ag = 1/Lg, ag = 1/L,.

Based on the simplification method of traditional control
theory, the speed disturbance in (3) is equivalent to the current
disturbance to improve the controller’s effect in suppressing
speed disturbances. In addition, the decoupling of d-axis and
g-axis currents is achieved by establishing an observer to ignore
the indirect influence of d-axis current on speed. Therefore, a
new current variable is defined by

Z.new:djr = auiy + fw (4)

where i,y 1S the reconstructed current of speed prediction.
Furthermore, the g-axis current can be represented by it
.0
fg=— — o, )
(&%) (&%)
By rearranging (3) and (5), the restructured second-order
control model for motor speed can be obtained as

({Ur = lnew .
Z.new = QuQgUq + awfq + fw (6)
|
i
where f; is the lumped disturbances in the second-order restruc-
tured speed model.

By rearranging (6), the restructured speed control model can
be obtained as

Wr = Tnew
: 7
{Znew :aivq+fi ™
where o; = a0
The speed and current are within the same control cycle in
systems. By utilizing forward Euler discretization, (7) can be
obtained as
Wr(p) = T ginew(k + 1) + wy.(k) )
Z‘new(k' + ]-) - Ts(aivq + fz(k)) + inew(k)
where T's and T represent the discrete time of current and speed.
wy(p) is the predicted speed based on the current and speed at
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the kK moment. Although the speed and current update time are
the same in the actual control system, the mechanical speed’s
response time is longer than the current’s. Therefore, this article
sets Ts” = 10T to design the speed controller.

The predicted speed equation for the motor can be derived as
follows:

wr(p) = T,S(Ts (O‘ivq + fi(k)) + tnew(k)) + wr (k). )

However, the values of w,(k+1), f;(k), and iyey (k) cannot be
directly obtained in the actual systems. The following section
explores the methods for obtaining these variables by designing
a TESO.

III. DIRECT SPEED PREDICTION CONTROL BASED ON TESO

This part introduces a TESO to obtain the disturbance term
in (9) and proposes a low-pass filtering-based parameter con-
figuration method. Subsequently, the stability and disturbance-
rejection performance of the observer for system control are
discussed.

A. Design of the TESO

The ESO can be designed with a corresponding observer
model based on the order of the control model. A TESO can
be designed for a second-order speed model [29].

e =W, — Wy
a)r = 'znew - Ble
%pew = f’L + QiVqg — 526
Ii=—Bse
where - represents the observer value of the variables. 31, 32,
and (3 are parameters of the ESO.

Assuming zero initial conditions and utilizing the Laplace

transform, (13) can be derived as

(10)

A Wy s>

fi = Ps

— Qg

83 + 182 + Bas + 3

where w, s% — a;vg is the actual lumped disturbance f; of the

motor. Therefore, (11) can be rewritten as
i 1

E:BSS3+3182+328+53'

From (12), the frequency characteristics of the transfer func-
tion determine the observer’s ability to observe the lumped
disturbance. Since the lumped disturbance is typically low-
frequency, itis reasonable to define (12) as a third-order low-pass
filter. Therefore, the transfer function of the cascaded three
first-order low-pass filters can be expressed as

Y

12)

w 37 w3 (13)
wFs) 3+ 3ws?+ 3w2s+ w3’

By analogy, the parameter configuration method for the ob-
server can be defined as

Bi = 3w, Ba = 3w?, B3 = w.

As the transfer function of a single low-pass filter is stable,
the cascaded combination of three low-pass filters with the same

(14)



7490

transfer function also maintains stability. Hence, the stability of
the TESO configured by (14) can be ensured.
When the assumed bandwidth of the observer configuration
is set to wy, the gain formula for (13) is derived as follows:
| 3
(&%)
wo+ s \/(3 wawo? — w?)? + (3w2wy — wp?)?
(15)

In (15), the gain value is set to 0.707. At this point, the
bandwidth corresponding to this gain is the actual bandwidth
of the observer. Upon solving, the relationship between the real
bandwidth w and the set bandwidth wq is

w03

W = 0.51WQ.

(16)

Equation (16) reveals that the actual bandwidth is approxi-
mately half of the configured bandwidth. Therefore, to achieve
more accurate disturbance observation, especially when the
system disturbance frequency is known, it is recommended that
when configuring the parameters of the ESO, the w in (14) be
set to twice the actual bandwidth.

Similarly, observation can be achieved by establishing a
second-order ESO for a first-order d-axis current model [29]

eq=iq—iq
ia = fa+ aava — Baea (17
fa=—Dsea

The transfer function of the observed disturbance and the
actual disturbance is
fa Bs

fa 2+ sBa+tBs (18

The configuration of parameters for the d-axis current control
can be achieved by analogy to the parameters of a second-order
low-pass filter. The following setup can be applied to defining a
disturbance bandwidth w; for the d-axis current

Ba = 2wq.

19
Bs = wj (19
B. Stability and Disturbance Sensitivity Analysis of Speed
Control

System performance can be analyzed by establishing the out-
put of the controller and the actual motor mathematical model.
First, the transfer function between the ¢g-axis current and voltage
of the motor, derived from (1), is as follows:

. Vg(s)
=— 2
iols) = TR (20)
The transfer function of the speed loop is
we(s) 3Py 1 on

iq(s) 2 Js’

Under the assumption that the system has no delay, the

prediction equation shown in (9) can be used to derive the
g-axis voltage control solution. By utilizing the observation from
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Fig. 1. System’s disturbance rejection performance is based on different
bandwidths in the TESO.

the ESO and applying the deadbeat technique [30], the g-axis
voltage controller is achieved by

1
YT 100,72

. 1 - 1 4
( :‘et - Wr) - mznew - OTfl

i

(22)

After deriving the state equation of the ESO (10), the relation-
ship between the observed value i,y and the system variables
can be established by

A 3w,w?s? + aﬂzqs2 +wrwds+3 a;VqWs

fnew = 53 4+ 3ws? 4 3w?s + w3

(23)

Combining the disturbance (11), the Laplace-transformed
motor mathematical model (20) and (21), g-axis output voltage
(22) and reconstruction current (23), the sensitivity transfer
function from disturbance to speed can be derived as

fa(s) n3s® 4+ nos? 4+ nys
wr(s)  dss® + dyst 4 dgs3 + dos? + dys + dy

n1 =450 PT2w? + 450 PT,w, no =451 PwTs 4 154 PT,

ng =150 P T2, dy=JLw?®, dy =10J Ly Tsw>+ 3J Lyw?
dy = 10J L T*w® 4 30J R T*w? + 30J L, T.w?
+ 30JRTyw + 3J Lsw
ds = 30J L T.%w? + 30J R Ts*w + 30J L Tyw
+ 10JR, Ty + 2.J L
dy=10JL,Ts+ 10JR,Ty? + 30J L T.%w, ds =10J L T,>.
(24)

The Bode diagram of the transfer function obtained from
(24), as depicted in Fig. 1, demonstrates that the bandwidth
of the observer exerts a remarkable influence on the system’s
anti-interference ability. The greater the bandwidth, the stronger
the system’s capacity to suppress low-frequency harmonics, and
the lower the sensitivity of disturbances to speed.
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Fig. 3. Root locus diagram of the system when the input gain «; changes.

The closed-loop transfer function of the further developed
control system is as follows:

wr(s) ng +ng +ny +ng
wﬁef(s) d5 + d4 + d5 + d2 + dl + d()

no = 3YPw? ni = 3V Pw?,ny = 9PPw? ng = 9P Pw

do = 30 Puw?,dy = 309 PT,w® + 9 Pw?

dy = 300 PT?w® + 60J Rea; Ts*w? + 90 PTyw?
+ 60J Rsa; Tsw + 9y Pw, ds = 60J Lya; Ts*w?
+ 6J0Ra;Tsw
+ 60.J Lya; Tow + 2J0R,a;Ts + 31 P,

dy = 20JR,T%a; + 20J L Tya; + 60J L Ts%a;w

ds = 20JL,T.%a;. (25)

Analyze the root locus diagram of the characteristic roots of
(25) changing with the bandwidth, as shown in Fig. 2. As the
bandwidth increases, the root locus of the system moves to the
left, and the stability is enhanced. This root locus indicates that
a larger observer bandwidth can suppress a greater range of
motor disturbances, thus improving the system’s stability. How-
ever, in practical applications, an excessively high bandwidth
can introduce high-frequency measurement noise through the
feed-forward path, which is unfavorable to the stable control of
the system.

Previous research [31] explored the update methods of con-
troller and observer gains using the adaptive extremum-seeking
method, providing an essential technology for systems with
unknown parameters. Regarding the design of the optimality
of the system with respect to «;, further analysis can be car-
ried out based on the root locus to achieve optimal dynamic
control performance. As shown in Fig. 3, as «; increases, the
characteristic roots of the system shift to the right, shortening
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the distance from the imaginary axis and gradually reducing the
system’s stability margin. When the characteristic roots shift
to the right, the absolute value of their real part decreases,
causing the exponential decay term to decay more slowly and
the settling time to become longer. Thus, it can be seen that
the smaller the «;, the more beneficial it is to the stability and
dynamic performance of the system. However, as «; decreases,
the imaginary part of the characteristic roots decreases, and the
oscillation frequency increases. Considering that the speed is
relatively sensitive to low-frequency oscillations, an «; that is
too small is also not conducive to system control. Therefore, the
controller and observer gains can be slightly less than the actual
values (e.g., 0.8c;) to achieve better dynamic performance.

C. Implementation of Robust Model Predictive Direct Speed
Control

Robust model predictive direct speed control mainly focuses
on the control of speed. Since the g-axis current has been recon-
structed in the speed control, only the prediction and constraints
of the speed and the d-axis current need to be considered. Its cost
function is the sum of squares of the differences between the
reference and predicted values. However, the deadbeat solution
method is used in the solution process, substituting the reference
values directly into the predicted values to calculate the control
voltage directly. Although the update mechanisms of speed and
current are the same in practical systems, the response time
of speed is much shorter than that of current. Therefore, to
compensate for the current delay, the estimated value at the
(k+1)th moment is used to predict the speed of the next cycle

W (p) =T (Ts(ivg+ fi(k + 1)) Finew (k + 1))+ (k + 1).
(26)
After discretizing (10), the ESO can be obtained as
e(k) = @r(k) — wr (k)
d)r(k + 1) = T/s(%new(k) - 51€(l€)) + d)r(k)
inew (b + 1) =T (fi (k) + azvg(k — 1) —Boe(k)) +inew (k)
filk +1) = =Tspse(k) + fi(k)
27
Obviously, the estimated values in (26) can be obtained by
employing the high-order observer (27). One-step delay com-
pensation is achieved by using the observer in discrete form.
By utilizing forward Euler discretization, the discrete equa-
tion for the d-axis current observer (17) is given by

ea(k) = iq(k) —iq(k)
ia(k+1) = To(fa(k) + aqua(k) — Baea(k)) + ia(k) -
fd(k +1) = —Tsfseq(k) + fd(k)

(28)
Similarly, a time delay of one sampling period is considered.
The predictive equation for the d-axis current is as follows:

ia(k 4 2) = Tsagua(k) + Tofa(k +1) + 24(k +1).  (29)

Therefore, according to the response characteristics of me-
chanical and electrical quantities, after adopting the same update
rates for speed and current, the expression of the motor’s voltage
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law can be defined as

_ 0—da(k+1) _ fa(k+1)
Vg = T -
sQd Qg (30)
_ W@ (k+1) e (k1) fik+D)
Vg = 1072 s Tso a;

As can be seen from (30), the predictive controller of the
dg-axis voltage is close to a proportional controller [30], which
further demonstrates the significance of its disturbance term for
system control.

In practical systems, it is crucial to prioritize current con-
straints to prevent overloading of the motor system. Due to the
absence of a g-axis current variable in the control system, a
direct constraint is not feasible. Consequently, an estimation
method is employed to estimate the g-axis current, and the g-axis
voltage is limited to prevent overloading. Given the transient
nature of current, mechanical disturbances are often considered
negligible; therefore,

fu=0.

Then, the relationship between the reconstructed current and
the g-axis current can be restated as follows:

(€29}

O‘wiq:inew = g + fz (32)

Assuming the maximum allowable current for the motor is
denoted as iy,,x, upon further discretization (32)
imax

e — i () —ig(k)
wmaxjj% Saivq+fi Saqu-

Then, the limit for the g-axis voltage is obtained by

Cimax—iaB) _fiB) _ o Cima—ia(8) _filh).
ayTs a; ay Ty o

(34)

In summary, the implementation structure of RMPDSC is
constructed based on the reconstructed model, and TESO is
shown in Fig. 4. This control structure realizes the decoupling
of speed and d-axis current through an observer, thus enabling
parallel control. The control process starts with obtaining the
measured values of basic variables from physical sensors. These
measured values are then input into the observer to predict
the aggregated disturbances of the model. Combined with the
feedback variables and the predictive model, these disturbances
generate the control voltage for the next control cycle. After
amplitude limiting calculations (including current limiting and
voltage limiting), the voltage undergoes pulsewidth modulation
to form a control vector, which drives the motor to operate. The
above-mentioned process is mainly divided into two interrupts
during the operation of the processor: the serial communication
interrupt, the current loop interrupt, which includes the speed
closed-loop control program and the speed open-loop program.

(33)

IV. EXPERIMENTAL RESULT

An experimental platform based on the TMSF28379D chip
is constructed to verify the method proposed in this article,
as shown in Fig. 5. The experimental platform utilizes an
SPMSM with identical parameters to construct a dual-motor
test platform (see Table I for platform parameters). During the
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Fig. 4. Robust model predictive direct speed control based on TESO. (a)
Control method structure. (b) Control program structure.

experiment, real-time uploading of internal controller data to the
host computer is achieved through serial communication. In the
experiment, the dead-time of the inverter is 75 ns. In addition,
the current sampling time is set to 100 us. The speed update
mechanism is shown in (35), so the speed sampling time is the
same as the current sampling time.

The calculation formula for speed is as follows:

0,(k) — 0.(k — n)

wr (k) = nT,

(35)
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TABLE 1
EXPERIMENTAL PLATFORM PARAMETERS

Symbol Parameters Value
R, Phase resistance 022Q
L Phase inductance 1 mH
v Flux linkage 0.1 Wb
P Motor pole pairs 4
J Moment of inertia 0.000023 kg-m?
i Rated current 5A
Tmax Maximum allowable current 10A
oy Rated speed 2000 r/min
Ve Rated voltage 24V
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Fig. 6. Speed ripple under different speed sampling times.

The different calculation window times n7's (n = 2, 5, 10, 20)
of speed in the experiment were verified in Fig. 6. The results
indicate that when the calculation window time is too low, the
steady-state performance of the system will be affected, and
the speed fluctuates significantly. However, issues affecting the
system’s dynamic performance will occur when the sampling
multiple is too high. Therefore, the value of n is chosen to be 10.

The experimental verification mainly analyses the algorithm’s
performance from steady-state, dynamic, and anti-interference
performance tests. To emphasize the distinctive features of the
proposed method, it is compared and verified with two existing
control methods: one is the predictive speed control method
constructed based on cascaded disturbance compensation struc-
ture (PSC-CDCS [25], [26], [27]); the other is the model-free
predictive current control method built on a PI controller and
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Fig.7. Comparison of computational complexity of different control methods.
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Fig. 8. Experimental results of speed and phase current under no-load condi-
tions.

a single second-order ESO (such as MFPCC [3]). The method
proposed in this article uses only one ESO to achieve the control
of speed and g-axis current, and optimizes both the calculation
structure and disturbance estimation. Therefore, compared with
the multiobserver structure, this method has significantly im-
proved in terms of computational complexity, and the compar-
ison results are shown in Fig. 7 (among them, MPDSC is the
model predictive direct speed control method without using an
observer). Besides computational performance, the performance
of these three methods in speed fluctuation suppression, speed
overshooting, and external interference rejection will be tested
next. Regarding parameter configuration, situations with similar
steady-state performance are selected to facilitate comparison.
The bandwidth of the TESO adopted in this article is set to
100 Hz. Among them, for PSC-CDCS, the bandwidth of the
ESO in the speed loop is 50 Hz, and that in the current loop is
200 Hz; for MFPCC, the damping coefficient of the speed loop
is setto 5 (a value greater than 1 indicates stability, and the larger
this value is, the lower the control bandwidth of the speed loop
is). The bandwidth of the current ESO is 200 Hz.

A. Steady-State Performance Test

Then, the steady-state performance of the three methods
under no-load conditions was compared, and the experimental
results are shown in Fig. 8. In the motor control experiment
under no-load conditions, the RMPDSC proposed in this article
demonstrates unique advantages. From the perspective of speed
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Fig.9. Experimental results of speed and phase current under rated conditions.

stability, the speed fluctuation range of RMPDSC is +6 r/min, the
same as that of PSC-CDCS and better than the +7 r/min of MF-
PCC, indicating that RMPDSC can maintain the motor’s speed
stability more effectively. Regarding phase-current characteris-
tics, the total harmonic distortion (THD) of RMPDSC is 10.5% .
Although this value is slightly higher than the 10.3% of MFPCC,
it is significantly lower than the 11.9% of PSC-CDCS. There-
fore, compared with PSC-CDCS, RMPDSC can control current
harmonics more effectively while ensuring speed stability. This
steady-state performance test verifies that RMPDSC performs
better in balancing speed and current quality. Considering both
speed and current performance, it highlights its comprehensive
advantage in motor control under no-load conditions.

Fig. 9 shows the experimental results of the steady-state
performance tests on the motor control speed and phase cur-
rent under rated conditions. Regarding speed steady-state per-
formance, RMPDSC and PSC-CDCS speed fluctuations are
+7 r/min, significantly better than the +10 r/min of MFPCC,
demonstrating good speed control capabilities. Regarding phase
current quality, the THD of RMPDSC is 1.5% , lower than the
1.6% of PSC-CDCS and 1.8% of MFPCC, indicating thatithasa
better effect on suppressing speed harmonics and higher current
quality. Compared with PSC-CDCS, RMPDSC achieves a lower
current THD while maintaining similar speed stability, showing
more apparent advantages in overall performance.

B. Dynamic Performance Test

Considering that servo motors need a certain forward and re-
verse rotation ability, the proposed method’s forward and reverse
rotation ability was tested in Fig. 10. Experiments show that the
proposed method has normal forward and reverse rotation and
loading capabilities.

Figs. 11 and 12 test the dynamic performance of the system’s
speed. Test 1 is a step test from 0 to 1000 speed, test 2 is a
step test from 1000 to 2000, test 3 is a sudden application of
rated load test, and test 4 is a sudden reduction of load test.
The dynamic performance of the reconstructed speed prediction
structure is analyzed through these four tests. The performance
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Fig. 11.  Results of speed step experiment.

of the speed is given in Table II. In test 1, the speed overshoot of
RMPDSC is 3.7% , while that of PSC-CDCS reaches 13.5% .
The overshoot of RMPDSC is reduced by approximately 72.6%
compared with PSC-CDCS. In test 2, the overshoot of RMPDSC
18 1.5% , and PSC-CDCS’s is 5% , with a 60% reduction in over-
shoot. Regarding adjustment time, RMPDSC and PSC-CDCS
are much faster than MPFCC, which indicates that RMPDSC
has a stronger speed control performance and can track the
target speed more quickly and stably. In test 3, the maximum
speed drop of RMPDSC is 40 r/min, that of PSC-CDCS is 100
r/min, and that of MFPCC is 125 r/min. In test 4, the maximum
speed fluctuation of RMPDSC is 25 r/min, that of PSC-CDCS
is 90 r/min, and that of MFPCC is 130 r/min. It can be seen that
the speed fluctuation range of RMPDSC is significantly smaller
than that of the other two methods, closer to the target value,
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Fig. 12.  Results of the torque step experiment.
TABLE II
EXPERIMENTAL RESULTS OF DYNAMIC PERFORMANCE
Test PSC-CDCS MFPCC
Method RMPDSC
number [251-[27] [3]
Speed 3.7% 13.5% 0
1 overshoot
Adjustment o} 0.1s< >03s
time
Speed 1.5% 5% 0
2 overshoot
Adjustment 4 0.1s< >03's
time
Speed drop 40 r/min 100 r/min 125 r/min
3 .
Adjustment g 5 ¢ 0.04s 0.07s
time
Speed . . .
. 25 r/min 90 r/min 130 r/min
increase
4 Adjustment
o 0.02s 0.03s 0.06's
time

and has a stronger anti-interference ability. Moreover, regarding
adjustment time, RMPDSC has an obvious advantage and can
effectively achieve high-precision speed control. Therefore, in
terms of dynamic performance, RMPDSC has significant ad-
vantages.

Fig. 13 shows the experimental results of load-starting and
load-braking under different current limiting conditions. A load
is first applied to the power motor in the experimental process. It
can be observed that the power motor generates an electromag-
netic torque to resist the load torque and remain stationary, thus
maintaining the speed at zero. Subsequently, the reference speed
is set to 2000 r/min to start the power motor. The motor starts
quickly with a load, and during this process, the phase current
can be maintained near the set current limiting values of 5 and
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Fig. 13.  Experimental results of current limiting during load-starting and load-
braking processes.

8 A. Then, the reference speed is set to 0 for load-braking. It can
be seen that the motor speed quickly returns to zero, but a torque
is still generated to resist the load torque. During this process,
the current is also maintained near the limiting value, with only
a short-term ripple, which is acceptable for the motor system.
The above experiments indicate that the method proposed in this
article can effectively limit the current and is applicable to the
working scenarios of load-starting.

C. Parameter Robustness Test of the Input Gain of ESO

When implementing the three methods of RMPDSC, PSC-
CDCS, and MFPCC, it is still necessary to rely on motor
parameters to consider the impact of the observer’s input gain
on speed control. In the RMPDSC proposed in this article, «;
is the input gain related to flux-linkage, inductance, and mo-
ment of inertia. Therefore, evaluating the experimental effects
when one or more of these parameters change simultaneously
is necessary to examine the system’s robustness. In contrast, for
the PSC-CDCS with a cascaded disturbance observer structure,
it is necessary to consider both «,, related to the moment of
inertia J in the outer speed loop and the gain « related to
the inductance in the inner current loop. MFPCC also needs
to consider the gain «, related to the inductance. Therefore,
this article takes the actual motor parameters as the reference
input gain, sets the input gains of the three methods to be
4 times and 0.25 times the reference value, respectively, and
then conducts comparative experimental tests. Fig. 14 shows
the experimental results of the three methods with an input
gain of 0.25 times the reference value, specifically including
four experimental scenarios (0.25 «; for RMPDSC, 0.25 «,
for PSC-CDCS, 0.25 a, for PSC-CDCS, 0.25 o, for MFPCC).
From the perspective of speed stability under rated conditions,
the THD of the speed fluctuation of RMPDSC is 0.20% , that
of PSC-CDCS is 0.19% , that of PSC-CDCS?2 is 0.24% , and
that of MFPCC is 0.35% . The speed THDs of RMPDSC and
PSC-CDCS (with the outer speed loop input gain reduced to 0.25



7496

" MFPCC

Oscillation

ATHD=0.24%

500 1 120% 7

THD=0.19%(0.03s/div) THP=C
0 1 1 1 1
24 T T T T

1> THD=1.97%

N N
T T

Oscillation

=

A Phase Current (A)

'
(o)}

Time(4s/div)

Fig. 14. Comparison of experimental results when the controller gain is
reduced to 0.25 times, where the experimental result of MF HPPSC is when
the outer loop gain «, changes, and the experimental result of MF HPPSC?2 is
when the inner loop gain o, changes.

2500 T T T
——RMPDSC — - — PSC-CDCS il MFPCC
~2000F
E1500F 2015 T
] 2007.55
2, 1000 2000 THD=044% |
2 500l 1992.5 ¥ : |
1985 (0.03s/div) ~ THD=0.31%
0 : A 1
24 T T
< 184
Ssh THD=1.84% i
5 THD=1.73% < 74 1
é 12 - . “tatHD-242% |
o 6f 1
3
=0 ‘—
<
6 | | po— |

Time(4s/div)

Fig. 15. Comparison of experimental results when the controller gain is
reduced to four times, where the experimental result of PSC-CDCS is when
the outer loop gain «, changes, and the experimental result of PSC-CDCS2 is
when the inner loop gain o, changes.

times) are relatively low. However, under no-load conditions,
system oscillations occurred in PSC-CDCS. This experiment
indicates that RMPDSC can still maintain better speed stability
when the control gain is reduced, and changes in the moment
of inertia significantly impact the stability of PSC-CDCS. The
phase current’s harmonic content needs to be analyzed to evalu-
ate the motor’s overall steady-state performance. In terms of the
phase current, the THD of the phase current of MFPCC under
rated conditions is the lowest, at 1.87% , and the THD of the
phase current of RMPDSC is 2.16% , slightly higher than that
of MFPCC, with a difference of 13% . The speed control target is
crucial for system operation. The speed fluctuation of RMPDSC
is 45% lower than that of MPPCC. In conclusion, RMPDSC
performs better under the adverse condition of reduced control
gain.

As shown in Fig. 15, an experimental comparison was carried
out after increasing the motor control gains (4 a;; for RMPDSC,
4 oy, for PSC-CDCS, 4 o, for PSC-CDCS, and 4 ¢, for MFPCC)
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of the three methods by a factor of four times. In terms of the
THD of the speed, that of RMPDSC is 0.31% , significantly
lower than 0.44% of MFHPPSC, 0.47% of MFHPPSC2, and
0.48% of MFPCC, indicating that RMPDSC has the best speed
stability. Regarding the THD of the phase current, that of RM-
PDSC is 1.73% , superior to 2.42% of MFHPPSC2, 2.45% of
MFPCC, and 1.84% of MFHPPSC. Under the harsh condition of
a significant quadrupling of the control gain, RMPDSC ensures
excellent performance and stability of the system with the lowest
speed THD. Meanwhile, its phase current THD is also relatively
low, demonstrating its good ability to control the comprehensive
performance of speed and current when the gain changes. In
addition, this article summarizes the gain caused by parameters
into one parameter, which can offset the impact on the system
when the inductance and flux linkage decrease simultaneously.

In the actual system, the motor’s permanent-magnet flux
linkage and inductance are prone to change. When the motor
load is large, the current increases, and the inductance is likely
to be saturated [32], decreasing the inductance value. Long-term
operation will also cause the motor temperature to rise, thus
reducing the flux linkage [33]. Therefore, the changes in the
flux linkage and inductance are consistent. Based on this rule,
the method proposed in this article equivalently regards the
inductance and flux linkage as the denominator and numerator
parameters, respectively. In this way, the consistency of the two
changes is offset. Therefore, when the parameters change in
Fig. 16, this method exhibits more stable control performance.
However, when the speed loop and current loop are designed
separately, due to the gain changes in both links, the system
performance deteriorates further, generating significant steady-
state harmonics.

In Section III-B, the influence of a; on RMPDSC speed
control was analyzed theoretically. The theory indicates that the
system does not achieve the optimal speed dynamic performance
when the value of «; is precisely equal to the motor parameters,
and this conclusion was verified in Fig. 17. During the speed
transient process, a higher control gain increases the amplitude
of speed fluctuations. For example, when «; becomes four times
(4 «;), the speed drops to approximately 1919 r/min when torque
is suddenly applied and increases to 2100 r/min when torque is
suddenly removed. Moreover, the slow recovery speed reflects
the system’s poor load disturbance resistance. A lower control
gain can reduce the speed fluctuations during the dynamic
process. For instance, when the gain is 0.25 times (0.25 «;), the
speed decreases by 35 r/min when torque is suddenly applied and
only increases by 45 r/min when torque is suddenly removed,
and the recovery time is significantly shortened. Regarding the
steady-state performance of the phase current, the closer the gain
is to the reference value «;, the lower the current harmonics. The
gap in harmonic content is quite apparent under no-load con-
ditions, but this gap narrows under rated conditions. Therefore,
appropriately reducing the value of a; helps improve the speed’s
dynamic performance.

Based on the abovementioned experiments, the RMPDSC
proposed in this article simplifies the parameter-tuning process
by reconstructing the model and reducing the control parameters
to the control bandwidth of a disturbance observer. The speed
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Fig. 17.  Experimental results of RMPDSC under different input gains.

performance test results show that its dynamic and steady-state
performances are superior to those of the PSC-CDCS and
MFPCC methods with more parameters. Moreover, in dealing
with input gain changes, this method can counteract the effects
of multiparameter changes and has an absolute advantage in
robustness.
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D. Analysis of Servo System Application Simulation

To further verify the application effectiveness of the proposed
method in the servo control system, a simulation model of
the servo-motor control system for the reversing device in the
water-jet propulsion system is built. The load torque of the servo
motor of the reversing device is related to the sine value of the
rotation angle, and a load-torque model is constructed based
on this. Moreover, random oscillations are applied under the
stable state to simulate the torque fluctuations caused by fluid
cavitation and test the proposed method’s control effect on the
rotor position and speed when oscillating torque disturbances
occur. The simulation results are shown in Fig. 18. In this
figure, the proposed method is compared with the vector control
scheme adopted in the actual system. It can be clearly seen
that the proposed method has a higher following accuracy of
the load torque. When the cavitation phenomenon occurs and
irregular torque oscillations are generated, the proposed method
shows stronger speed control and position control robustness,
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with a smaller following-angle error and a faster convergence
speed. These simulation results verify that the proposed method
has excellent dynamic performance and robustness in the servo
device of the water-jet propulsion system.

V. CONCLUSION

This article proposes an RMPDSC method based on a TESO
to solve the disturbance suppression problem in the direct
speed control of PMSM, improve the dynamic performance
of speed, and simplify the design of control parameters. First,
the mathematical model of the PMSM is reconstructed, and
the speed disturbance is equivalently transformed into part of
the current lumped disturbance, thus enhancing the system’s
antidisturbance ability and dynamic performance. Subsequently,
for the reconstructed second-order speed prediction equation, a
corresponding TESO is designed to simplify the control struc-
ture of model-free direct speed control. The antidisturbance
performance of the high-order ESO and its impact on system
stability are presented through root locus and frequency-domain
analysis. The focus is on analyzing the impact of the observer
input gain on the system’s dynamic performance, and it is
pointed out that it is more appropriate for this value to be
slightly less than the reference value constructed based on the
motor parameters. Finally, experimental verification shows that
compared with the model-free predictive direct speed control
method using two observers to observe the speed and current
disturbances respectively, and the model-free predictive current
control method, the proposed RMPDSC method performs better
in terms of stability, dynamic performance, and antidisturbance
performance.

The direct speed control method discussed in this article
is implemented using the forward Euler discretization method
and physical rotor position sensors. Besides the forward Euler
discretization method, other discretization methods, such as
the trapezoidal method, may enhance the system’s dynamic
performance, and sensorless control methods can be used to
improve the robustness of the speed. Therefore, applying the
trapezoidal method and sensorless control methods to the speed
prediction equation is an essential and promising scheme worthy
of in-depth study, which can be regarded as one of the critical
future research directions.
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