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Abstract—Nonlinear factors in the industrial servo press cur-
rently, including mechanisms for force amplification, installed
clearances, gears backlash, and variations in rotational inertia, are
commonly not considered during the control process. They would
impact the control accuracy of the actuator’s crank and slide and
even affect the quality of material forming. So, the conventional lin-
ear control method, field-oriented control based on the miniclosed
loop of the electrical machine position utilizing kinematics, cannot
follow the trajectory smoothly and accurately. This study proposes
a solution to address these issues by introducing a semiclosed loop
control approach. This method fully accounts for the Lagrangian
approach for the dynamic model of the servo press. The torque
reference of the computed torque algorithm is implemented by
model predictive current control. A comprehensive and compar-
ative trial and analysis of the impacts of critical parameters are
conducted. The proposed method is practically tested on a 1600-kN
press equipped with a dual-core DSP servo drive. Experimental re-
sults demonstrate the effectiveness of this control approach, which
significantly enhances the control accuracy of crank position and
speed while also reducing the switching frequency and losses of the
servo press drive.

Index Terms—Lagrangian approach, predict current control,
semiclosed loop, servo press drive.

I. INTRODUCTION

THE advancement of material technology has led to the
emergence of several challenges in sheet metal forming,

including the utilization of high-strength materials, achieving
high precision, and dealing with low ductility [1]. Servo presses
have demonstrated successful application in difficult-to-form
materials, such as high-strength steel, aluminum alloy, and
magnesium alloy [2]. Servo presses have gained considerable
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interest in stamping workshops due to their ability to extend
mold life, increase productivity, reduce noise, save energy, and
achieve high productivity [3]. The transmission exhibits a simple
structure [4]. The servo press is powered by the servo electrical
machine and removes the mechanical flywheel, clutch, and
brake.

The primary attribute of servo stamping is the highly flex-
ible motion of the slide. The slide’s motion can be adjusted
using programmable and numerical curves. The slide ve-
locity can be adjusted to a lower speed during the stamp-
ing process and increased to a higher speed during the idle
run. [5]. Furthermore, the slide can dwell or reverse at any
point in the stroke. The stamping product type determines the
servo press’s motion curve, which, in turn, impacts forming
speed, spring-back alteration, production efficiency, and product
quality.

The control for the press can be classified into two control
loops: 1) a miniclosed loop and 2) a semiclosed loop. The
miniclosed-loop method relies on the position feedback of the
electrical machine. The assumption of the miniclosed loop is
the ideal condition that the inertia is constant and the position
relationship between the crank and electrical machine is linear.
Gao et al. [6] proposed the cascaded structure of field-oriented
control (FOC) for a two-sided output permanent magnet syn-
chronous machine (PMSM) integrated with planetary gear in
the servo press. Lu et al. [7] adopted the Luenberger observer
to estimate the load torque and implemented feed-forward com-
pensation to improve the speed control performance on the press.
Hybrid model predictive current control (MPC), combining pre-
dictive torque control (PTC) with generalized predictive control
was also developed to predict long horizons of machine speed
in the servo mechanical press [8].

Clearances in kinematic joints are inevitable in transmission
assemblies due to factors, such as machining accuracy, friction,
and wear [9]. Clearances could reduce machining accuracy, de-
crease the service life of mechanical systems, and even damage
parts [10]. Conventional spur gear drives lack the ability to
achieve nonbacklash operation in machines [11]. Furthermore,
the interaction between the components in the drive line may
lead to an increase in vibration amplitude [12]. So, there exists a
discrepancy between the expected and actual motion [13]. In
addition, excessive error causes unexpected defects, such as
surface cracks and wrinkles during stamping. It is critical to
improve the accuracy of motion as much as possible, which is
also the aim of this article.
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Fig. 1. Slide–crank mechanism of the servo press.

Fig. 2. Variable inertia and stroke position relationship with a crank angle.

There is a typical mechanism of the crank–slide press in
Fig. 1. With the crank angle varying, the inertia of the whole
press system changes in Fig. 2. When the crank rotates in one
direction, the stroke position is nonlinear with the crank angle
in Fig. 2. To our knowledge, few studies have yielded that a
semiclosed loop is proposed to solve the nonlinear mechanical
problem considering the variable inertia and clearances.

A moving horizon estimator is presented to use the estimated
inertia moment to improve the robust performance [14]. The
model reference adaptive system is used to identify the moment
of inertia online [15]. The inertia identification is adopted to get
an accurate inertia observation result [16].

Based on the accurate torque model of ball-screw, the full-
closed-loop position control structure is established for high-
precision control [17], [18]. A dynamic error modeling method
for elastic joints with cascade control is built, allowing the
revelation of influence on dynamic errors [19].

Researchers have explored the possibility of solving the accu-
racy problem in the alternative pathway from the crank position
by implementing a semiclosed-loop control. It employed a posi-
tion sensor mounted on the crank as feedback. The reference
and actual positions of the crank are directly utilized in the
semiclosed-loop control. Consequently, the semiclosed loop is
beneficial for enhancing the accuracy of the crank position
control, particularly when clearance is present. A one-step MPC
strategy based on a backpropagation neural network is proposed
for the precise forging processes [20]. Another study derives a
dynamic model by the Lagrange approach for a servo crank press
machine [21]. MPC of an induction machine with a computed
torque was described to meet the positioning requirement in a
servo press [22]. The authors in [23] and [24] developed the
Lagrangian approach to create a dynamical model to increase
the accuracy of position.

However, rare studies focused much attention on the crank’s
precision and comparative experiment to validate the control
approach. Meanwhile, previous research on this strategy has
primarily focused on the press perspective, overlooking the

significance of key control parameters. The research with regard
to dynamical performances and complicated states of electrical
machines and drives is also even less.

In the realm of electrical drives, two widely employed strate-
gies for control are FOC and direct torque control. In recent
years, the advancement of processors has garnered significant
attention on MPC from scholars in the pursuit of enhancing
the current and torque performances of machines [25], [26].
This has led to a particular emphasis on MPC techniques, such
as deadbeat control (DB), PTC [27], predictive current control
(PCC) [28], [29], among others [30]. Finite control set (FCS)
PCC has been focused on in recent years due to its ability
to achieve desirable current performance and faster dynamic
behavior [30], [31]. The FCS-PCC algorithm has been shown
to not require the utilization of a weighting factor for the dq
current track, as demonstrated in previous research [32]. The
achievement of high controller bandwidth is made possible in
PCC due to the absence of internal current loops. Numerous
investigations have been conducted to elucidate the MPC al-
gorithm’s application in the realm of electrical drive systems,
with a particular focus on current control and speed control
strategies. Consequently, the control strategy based on MPC can
be categorized into two distinct approaches: 1) model predictive
direct speed control [33], [34] and 2) cascaded predictive speed
control [35]. In the study, Zhang et al. [28] present a compre-
hensive analysis of a hybrid vector MPC strategy. The primary
objective of another approach is to enhance the optimization
of the output voltage [33]. The proposed methodology for the
design of the cascaded band control-based PCC is presented in
this approach. In contrast to existing approaches, the proposed
method eliminates a weighting factor, thereby reducing the com-
putational burden associated with the control system [35]. The
utilization of MPC not only yields superior control performance
but also facilitates a reduced switching frequency.

The key innovations in this article are as follows.
1) Utilizing the dynamic model of a press machine and the

crank position sensor, a control method based on semi-
closed loop control is proposed, achieving an order of
magnitude improvement in the precision of crank position
and speed control.
The following surpasses the innovation presented in the
original conference papers.

2) The global stability issue of the computed torque algo-
rithm is demonstrated.

3) Experimental verification is employed to investigate the
impact of control parameters and high bandwidth in the
computed torque method on the precision of crank position
and speed control.

4) Leveraging the advantages of predictive control for a
faster current response, a combined approach of computed
torque and FCS-PCC is introduced to reduce the switching
frequency.

5) The validation is done on a dual-core DSP using a servo
driver developed through authentic research, not in a
hardware-in-the-loop or prototype system. Comparative
experiments under no-load and heavy-load conditions are
carried out to analyze the results on an industrial servo
press machine.
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II. LAGRANGIAN APPROACH FOR DYNAMIC MODEL OF

SERVO PRESS

A typical slide–crank press mechanism with a capability of
1600 kN driven by a PMSM is selected in this study. Fig. 1
shows the mechanism’s physical symbols. The crank radius,
the rod length, and the ratio of the gearbox are denoted by
r = 100 mm, l = 580 mm, and n = 48.899, respectively. ml

and ms represent the mass of link and slide, respectively. Jc
is the inertia of the crank. The mass center of the connecting
rod is at midpoint B. The initial position is denoted as top dead
center (TDC) while the position where the servo press exerts its
maximal force is designated as bottom dead center (BDC). The
angles of clockwise rotation are defined as θc and φ in Fig. 1,
respectively. ωc is the angular speed of the press crank. PMSM
is amplified by the transmission of a gearbox, and the slide can
move up and down along the guides. The gearbox includes the
two-level reducer and the other one-level big ratio reducer.

xA = rsinθc, yA = −rcosθc, xS = 0,
sinφ
r

=
sin(π − θc)

l

yS = lcosφ− rcosθc, xB =
xA + xS

2
, yB =

yA + yS
2

. (1)

The dynamic model of the servo press mechanism is derived
by the Lagrangian approach. The Lagrangian equation demon-
strates the difference between kinetic energy Ek and potential
energyEp. Because the slide–crank mechanism is a single-DOF
system, the independent generalized coordinate is considered. In
this study, the generalized force τc is designated as the torque
acting on the crank while the generalized variable θc is defined
as the crank angle. The Lagrange equation is described as

d

dt

(
∂Γ

∂θ̇c

)
− ∂Γ

∂θc
= τc (2)

where the Lagrangian is the difference between the kinetic and
potential energies, Γ = Ek − Ep. Given the compensation of
transmission gravity by the balancer, we can assume that the
potential energy Ep is equal to zero. The kinetic energy of
the slide–crank mechanism can be determined by summing the
individual energies involved

Ek = Ec + El + Es + Em (3)

where Ec, El, Es, and Em are the crank kinetic energy, the
connecting rod kinetic energy, the slide kinetic energy, and the
machine and gearbox kinetic energy, respectively.

The crank is primarily concerned with a rotational motion.
The connecting rod exhibits both rotational and translation
motion. The slide solely encompasses translation motion. There-
fore, we have

Ec =
1

2
Jcθ̇c

2
, Em =

1

2
Jg(ωm/n)

2

El =
1

2
Jlφ̇

2 +
1

2
mlv

2
l , φ̇ =

rθ̇ccosθc√
l2 − r2sin2θc

v2l =

(
1

2
rθ̇ccosθc

)2

+

(
rθ̇csinθc − 1

2
lφ̇cosφ

)2

Fig. 3. (a) Two-level voltage source inverter. (b) Voltage vectors.

Es =
1

2
msv

2
s , v2s =

(
lφ̇sinφ+ rθ̇csinθc

)2

(4)

where Jl is the rotatory inertia of connecting rod rotating around
point S; vl is the speed of mass centers of the link; vs is the speed
of slide; ωm is the angular speed of electrical machine; Jg is the
inertia of electrical machine and gearbox from the side of the
crank.

By substituting the Lagrange equation (2) with kinetic energy
(4), the dynamic model of the servo press can be simplified in
the following equation:

M(θc)θ̈c +N(θc)θ̇c
2
= τc. (5)

Herein, the slide–crank inertia matrixM(θc) is given, andN(θc)
is the centrifugal matrix with respect to M(θc).

III. CONTROL SCHEMES FOR SERVO PRESS DRIVE

A. Predictive Current Control

A well-known set of equations in synchronously rotat-
ing reference coordinates describes surface-mounted PMSM
(SPMSM). The stator voltage equations are

vd = Rsid + Ld
did
dt

− ωeLqiq

vq = Rsiq + Lq
diq
dt

+ ωeLdid + ωeψf (6)

where vd, vq , id, and iq are the dq-axis voltages and currents
in the rotating frame, respectively; Rs is the stator resistance;
ωe is the electrical angular speed; ψf is the flux of permanent
magnet; Ld and Lq are the dq-axis stator flux, respectively.

The mechanical model of PMSM can be obtained as follows:

Te =
3

2
p [ψfiq + (Ld − Lq) idiq] = Jω̇m +Brωm + TL (7)

whereBr is the friction constant,J is the inertia constant, andωm

is the mechanical angular velocity. Te and TL are the electrical
torque and load torque, respectively.

The two-level three-phase inverter comprises six nonzero-
voltage vectors (v1, v2, . . ., v6) and two zero-voltage vectors (v0
and v7), as depicted in Fig. 3. The stator voltages in the two-level
voltage source inverter can be expressed in the stationary and
synchronously rotating reference coordinates⎡

⎣vavb
vc

⎤
⎦ =

Vdc
3

⎡
⎣ 2 −1 −1
−1 2 −1
−1 −1 2

⎤
⎦
⎡
⎣S1

S2

S3

⎤
⎦
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Fig. 4. Proposed control algorithm.

[
vα
vβ

]
=

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]⎡⎣vavb
vc

⎤
⎦

[
vd
vq

]
=

2

3

[
cos(θe) sin(θe)
−sin(θe) cos(θe)

] [
vα
vβ

]
(8)

where vα and vβ are the voltages in the stator reference frame,
va, vb, and vc are the phase voltages of PMSM, respectively. θe
is the electrical angle.

The d-axis reference current id = 0 is an appropriate control
method for SPMSM.

Since the control method is implemented on a digital mi-
crocontroller, a time delay issue exists. Fig. 4 shows the best
candidate voltage vector selected by the cost function at the
sampling k instant, available at the next k + 2 control period.
The forward Euler approximation in discrete time gives the
calculation delay compensated current

id(k + 1) =

(
1− RsTs

Ld

)
id(k) +

weLqTs
Ld

iq(k) +
Ts
Ld
vd(k)

iq(k + 1) =

(
1− RsTs

Lq

)
iq(k)− weLdTs

Lq
id(k) +

Ts
Lq
vq(k)

− ωeψf

Lq
. (9)

These compensated currents id(k + 1) and ip(k + 1) substi-
tute the measured current id(k) and iq(k) to predict the next
k + 2 current as

id(k + 2) =

(
1− RsTs

Ld

)
id(k + 1) +

weLqTs
Ld

iq(k + 1)

+
Ts
Ld
vd(k + 1)

iq(k + 2) =

(
1− RsTs

Lq

)
iq(k + 1)− weLdTs

Lq
id(k + 1)

+
Ts
Lq
vq(k + 1)− ωeψf

Lq
. (10)

The cost function of MPC for the next k + 2 instant is the
optimization of a control law with the following structure:

J = |i∗q(k + 2)− iq(k + 2)|+ |i∗d(k + 2)− id(k + 2)| (11)

where i∗d(k + 2) and i∗q(k + 2) represent the rotating frame’s
dq-axis reference currents, where k denotes the index of the
stator voltage vector used to calculate the predictions iq(k + 2)
and id(k + 2), respectively. The current reference is externally
generated by the computed torque algorithm.

Ultimately, the optimization process is executed, wherein the
inverter-voltage vector that minimizes the cost function is chosen
as the best switching state for the subsequent sampling instant
k + 2.

B. Computed Torque for Servo Press

Computed torque control linearizes and decouples press dy-
namics using a dynamic model, so other well-developed linear
control algorithms can regulate press motion. The computed
torque includes closed-loop crank position and force control.

As a semiclosed-loop control mechanism, the computed
torque uses a crank position sensor for position feedback. The
torque calculation takes press inertia, mass, and kinematics into
account. The semiclosed-loop control objects are crank position
and speed. Thus, it improves crank position precision as much
as feasible.

Improving control law tracking can be achieved by introduc-
ing state feedback in Fig. 4. The linear equation (5) suggests the
control law

M(θc)
(
θ̈c

∗
+ kdė+ kpe

)
+N(θc)θ̇c

2
= τc (12)

where e = θ∗c − θc, and kd and kp are constant gains.
When substituted in (2), the error dynamics can be written as

M (ë+ kdė+ kpe) = 0. (13)

Since M is always positive definite, we have

ë+ kdė+ kpe = 0. (14)

The equation presented here describes the error between the
actual and the reference trajectories. Therefore, when the initial
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TABLE I
PARAMETERS FOR ELECTRICAL MACHINES

angle and velocity of the crank align with the reference angle
and speed, the crank will accurately trace the intended trajectory.

The error dynamics can be written as a first-order linear
system

d
dt

[
e
ė

]
=

[
0 1

−kp − kd

]
︸ ︷︷ ︸

A

[
e
ė

]
. (15)

It suffices to show that each of the eigenvalues of A has a negative
real part. Let λ ∈ C be an eigenvalue of A. Then

|A− λI| =
∣∣∣∣ 0 1
−kp − kd

∣∣∣∣− λI =

∣∣∣∣ −λ 1
−kp − kd − λ

∣∣∣∣
= λ2 + kdλ + kp = 0, kd, kp > 0 (16)

and, hence, the real part of λ is negative. Above is the proof of
the global stability of the computed torque control law.

IV. SIMULATION AND EXPERIMENT

The parameters of SPMSM applied to the 1600-kN servo press
are listed in Table I. The proposed algorithm is developed and
validated in MATLAB-Simulink software and on a servo press.

A. Simulation

The proposed algorithm is designed in the MATLAB func-
tion.The simulation for the proposed algorithm is done under
unloaded conditions. The reference and feedback profiles of the
crank position, the reference and measured speed, the position
error and the speed error, the inertia matrix, and the centrifugal
matrix are presented in the first part of Fig. 5. The measured
speed of the machine, the reference and measured direct cur-
rents, the reference and measured quadrature currents, and the
reference electromagnetic torque are presented in the second
part of Fig. 5.

At the initial time, a speed reference of 0 r/min at TDC is
provided. Then, the SPMSM accelerates to the rated speed.
At the crank angle position with 2 rad, the crank speed starts
to decelerate to the 70% rated speed. Close to the clamping
position with 2.63 rad, the crank speed approaches 30% rated
speed to reduce the noise of mold collision. When the crank angle

Fig. 5. Simulation results of the proposed method. (a) Response of the crank.
(b) Response of PMSM.

continues to rotate to BDC π rad, it keeps steady and stands still.
The dwell time is 0.1 s. After that, it returned to TDC as soon as
possible in the first part of Fig. 5. The actual dq-axis current of
the proposed algorithm can track the reference current because
the PCC method works well to make the current response fast.
This simulation demonstrates that the proposed algorithm for
the nonlinear position control in servo presses is effective.

B. Experiment

The algorithms proposed in this study are practically imple-
mented in the electrical drive system of an industrial 1600-kN
servo press in Fig. 10. The drive system is built around the dual-
core microcontroller TMS320F28379D from Texas Instruments
Incorporated. The crank and SPMSM utilize the position sensor
with Tamagawa resolvers. A nitrogen spring is employed as the
load during press load testing, exerting force on the press slide.
The experimentation process is categorized into two phases:
1) unloaded and 20 heavy-load press tests. The experimental
curves replicate the simulation process. For comparison, the
cascaded structures P + PI + PI + FOC and P + DB + PCC are
introduced in the miniclosed loop. The DB is the predictive speed
approach to track the speed reference with high bandwidth [36].
In the cascaded scheme, the value of position loop parameter P
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Fig. 6. Experimental results of miniclosed-loop FOC without the load.
(a) Response of the crank. (b) Electrical response of PMSM. (c) Mechanical
response of PMSM. (d) Error of clearance.

is configured as 20, and the speed loop parameters P and I are
configured as 2 and 0.8, respectively. Furthermore, the current
loop parameters P and I are set to 14 and 1200, respectively.
The well-established position control parameter kp within the
semiclosed loop is widely recognized. In this study, particular
emphasis is placed on contrasting the influence of a distinct
speed control parameter kd on press crank precision and ma-
chine performance. To this end, two separate semiclosed-loop
experiments with the same position control parameter kp = 300
have been devised, each employing a distinct kd parameter, 40
and 70, respectively.

In both experimental trials, Figs. 6(a), 7(a), 8(a), 9(a), 11(a),
12(a), 13(a), and 14(a) illustrate the profiles of crank reference

Fig. 7. Experimental results of miniclosed loop DB-PCC without the load.
(a) Response of the crank. (b) Electrical response of PMSM. (c) Mechanical
response of PMSM. (d) Error of clearance.

and feedback position, the crank reference and measurement
speed, as well as the errors in position and speed. Figs. 6(b), 7(b),
8(b), 9(b), 11(b), 12(b), 13(b), and 14(b) depict the measured
speed, the reference and measured dq currents, and the reference
electromagnetic torque of the electrical machine. Figs. 6(c)
and 7(c) describe the mechanical response of PMSM under
unload conditions, including the profiles of machine’s reference
and feedback position, the machine reference and feedback
speed, and errors in machine position and speed. Figs. 6(d) and
7(d) show the errors caused by the clearance of transmissions
between PMSM and press crank.

In the four sets of experiments under no-load conditions, the
performance of semiclosed-loop control with kd = 70 exhibits
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Fig. 8. Experimental results of semiclosed loop kd = 40 without the load.
(a) Response of the crank. (b) Response of the PMSM.

Fig. 9. Experimental results of the semiclosed loop kd = 70 without the load.
(a) Response of the crank. (b) Response of PMSM.

Fig. 10. Test bench of 1600-kN servo press.

Fig. 11. Experimental results of miniclosed-loop FOC with load impact.
(a) Response of the crank. (b) Response of PMSM.

the best trajectory tracking capability, as shown in Table II. The
crank position and speed-tracking errors are minimized, and the
control precision of both position and speed-tracking errors in
Figs. 8(a) and 9(a) is improved by an entire order of magnitude
compared to the miniclosed loop control in Figs. 6(a) and 7(a). It
is evident that the proposed semiclosed-loop control algorithm
demonstrates a significant improvement in press accuracy over
the traditional miniclosed-loop control algorithm in Table II.

The unloaded experiments in Figs. 6(c) and 7(c) and Table II
show that the mechanical response of PMSM with DB-PCC has
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Fig. 12. Experimental results of miniclosed-loop DB-PCC with load impact.
(a) Response of the crank. (b) Response of PMSM.

Fig. 13. Experimental results of the semiclosed loop kd = 40 with load
impact. (a) Response of the crank. (b) Response of PMSM.

Fig. 14. Experimental results of the semiclosed loop kd = 70 with load
impact. (a) Response of the crank. (b) Response of PMSM.

TABLE II
MAXIMUM ERRORS IN THE UNLOAD EXPERIMENTS

superior to that of FOC. The obvious advantage of DB-PCC is
better speed-tracking performance due to the high bandwidth of
the outer loop. However, the more ripple of the q-axis current
reference with DB-PCC also occurs accompanied with it in
Fig. 7(b).

Analyzing the results concerning machine speed, q-axis cur-
rent, and electromagnetic torque, it can be observed that the
semiclosed-loop algorithm with kd = 40 still exhibits minor
fluctuations, especially during the constant speed in Fig. 8(b).
This is attributed to the presence of clearances and backlash in
the semiclosed-loop control algorithm for the press machine.
Although the semiclosed-loop control algorithm is effective and
enhances precision, the existence of clearances and backlash
leads to minor errors during the tracking process, which, in turn,
affects the fluctuations in the inner current control loop. How-
ever, when kd = 70, as the tracking error is reduced to a certain
extent, the control impact and inner-loop fluctuations caused
by the clearances and backlash are essentially eliminated. The
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TABLE III
MAXIMUM ERRORS IN THE LOAD EXPERIMENTS

Fig. 15. Bandwidth comparison.

overall smoothness of speed, current, and torque in the proposed
semiclosed-loop approaches the control effect of the miniclosed
loop. These results in reduced impacts and mechanical collision
forces. In scenarios where the control effect of the inner-loop
waves for SPMSM in the semiclosed loop is even close to that
of the miniclosed loop, there is a significant improvement in the
error tracking angle of the crank. This represents a clear and
notable performance enhancement.

The results, the control precision of the press machine’s
crankshaft is greatly improved, and the waveform of the ma-
chine’s current control approaches that of the miniclosed loop.
Due to the reduced switching frequency caused by using FCS-
PCC, there is still some level of current harmonics.

In the four sets of experiments under heavy-load conditions,
considering the precision of position and speed control during
the motion process as well as the average error, the performance
of the semiclosed-loop control with kd = 70 still demonstrates
the best trajectory tracking capability in Table III. In comparison
between semiclosed loop and miniclosed-loop control, apart
from when the crank position approaches π, the smoothness
of machine current and torque curves in the semiclosed-loop
control remains very close to the effect of the miniclosed loop.

As the crank approaches the vicinity of the BDC during
motion, the reactive force of the load spring is at its maximum.
In the semiclosed-loop control algorithm, the current remains
relatively high at this point. Thanks to FOC relying on PI error
accumulation for a long time, the miniclosed loop gradually
reduces the output current when the machine is stationary. In
contrast, semiclosed loop control relies on the real-time error to
the output electromagnetic torque, requiring a larger current to
overcome the resistance.

By analyzing the control methods in the frequency domain, it
can be obtained from a bode diagram of the crank position the
miniclosed-loop bandwidth with FOC and DB-PCC are 1.09 Hz
and 2.15 Hz, respectively. However, the position bandwidth of
the proposed method is 2.4 Hz. In Fig. 15, the results show that
the position control of the proposed method can also achieve

TABLE IV
SWITCHING FREQUENCY OF THE PROPOSED METHOD

better dynamic performance at a higher frequency. The position
response of the miniclosed loop with FOC and DB-PCC sharply
deteriorates at 0.69 Hz and 2.27 Hz.

The reason is that in the cascaded structure of the miniclosed
loop, the current reference value is essentially obtained by
accumulating the speed control loop error and using traditional
three-loop PI control. However, the proposed semiclosed-loop
control approach mentioned in the article directly calculates the
machine output torque using feedback values such as position
and speed errors and feed-forward values such as acceleration
reference, significantly increasing the bandwidth. This method
no longer relies on error accumulation for adjustment but em-
ploys real-time error and a feed-forward structure for current
online regulation.

The semiclosed method proposed also reduces the large num-
ber of switching frequencies compared to the 10-kHz sampling
frequency and 20-kHz switching frequency in FOC in Table IV.
The results show that it saves much more energy during the
IGBT switch.

V. CONCLUSION

The proposed control algorithm, which combines computed
torque and MPC, has notably improved the bandwidth of sys-
tem response. This advancement has resulted in a substantial
enhancement in the position and speed accuracy of the servo
press crank, under both no-load and heavy-load conditions, by
an order of magnitude. The analysis of the control parameters
reveals that the speed parameter kd has a dual effect: It not only
influences the speed-tracking error but also plays a direct role in
mitigating the position-tracking error. Furthermore, the switch-
ing frequency is decreased by three-quarters. Lower switching
frequency will save energy in practical industrial applications.
Hence, the method is provided, which theoretical and exper-
imental analyses have confirmed, showcasing its superiority
in both press performance and electrical drive control. In the
forthcoming period, ongoing efforts will be made to advance
novel algorithms to further diminish position errors, specifically
at the BDC. This endeavor is expected to enhance the overall
quality of the formation process.
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