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Cost-Function Extremum Seeking Based Model
Predictive Torque Control of PMSM With

Sensorless Position Estimation
Jun Cai , Senior Member, IEEE, Yuhan Gu , Zeyuan Liu , and Shoujun Song , Senior Member, IEEE

Abstract—In this article, a cost-function extremum seeking-
based model prediction torque control (CES-MPTC) method of
permanent magnet synchronous motor with sensorless position
estimation is proposed. First, as the predictive torque and flux
linkage are the functions of the DQ-axis voltage components, once
the partial derivative of the cost function with the DQ-axis voltage
components are zero, the extreme point of the cost function can be
located and the optimal voltage vector can be directly represented
by the calculated DQ-axis voltage components. Using the calculated
DQ-axis voltage components as the inputs of the space vector
pulsewidth modulation module, the inverter can be controlled
with fixed switching frequency as the traditional vector control.
Then, an improved slide model observer-based sensorless position
estimation scheme is proposed with hyperbolic sinusoidal func-
tion, frequency adaptive complex coefficient filter and quadrature
phase-locked loop integrated. The sensorless position estimation
scheme can be integrated with the proposed CES-MPTC, which
can ensure enhanced rotor position measurement accuracy and
reliable sensorless operation. Finally, detailed experimental results
are provided to verify the validity of the proposed scheme.

Index Terms—Cost-function extremum seeking (CES), model
predictive torque control (MPTC), permanent magnet synchronous
motor (PMSM), position estimation and measurement, space
vector pulse width modulation (SVPWM).

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) have
attracted great attentions in many industrial applications

due to its significant high-power density and high control per-
formance. The field oriented control (FOC) [1] and direct torque
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control (DTC) are the most popular control strategies in PMSM
system. Generally, in traditional vector control, the optimization
and adjustment of PI parameters are relatively complex, and
their ability to resist disturbances is limited. In traditional DTC,
the using of hysteresis control may result in varied switching
frequencies and lowered current sinusoid degree. In view of this
serious challenge, the development of a more advanced control
strategy has become an extremely critical and urgent research
topic [2].

In order to enhance the performance boundary of DTC, finite-
control-set model predictive torque control (FCS-MPTC) has
been widely explored. In FCS-MPTC, the traditional torque and
flux loops are replaced with the predictive control module, which
reduces the dependence on PI controllers. However, FCS-MPTC
is also facing many challenges such as high computational
complexity and large torque ripple [3].

At present, in-depth research has been carried out from two
main dimensions. The first is to optimize the generation strategy
of the control pulse to achieve finer torque and flux adjustment.
The second is to explore efficient algorithms and computing
architectures to reduce computational burden. In the PMSM
system driven by two-level voltage source inverter, FCS-MPTC
is limited by eight basic voltage vectors, and only one effective
voltage vector acts on the motor [4]. This limitation results in the
performance of torque and stator flux under steady-state control,
manifested as significant steady-state ripple and harmonic cur-
rent issues [5]. To solve this problem, some methods such as duty
cycle control [6], dual vector model predictive torque control [7]
and three-vector model predictive torque control (TV-MPTC)
[3], [8], [9] are proposed. Compared to FCS-MPTC based on a
single voltage vector, using dual vector or three vector methods
can significantly improve the steady-state control quality of
torque and stator flux linkage. In [6], by adjusting the duration
of the voltage vector, torque fluctuations are suppressed and
additional switching losses are avoided. However, the control
cycle limit affects the energy efficiency of the system. In [8],
by combining two virtual vectors and a zero vector, the modu-
lation region is extended from points to line segments, thereby
expanding the control range. In the control of dual PMSMs,
TV-MPTC capitalizes on the motor unique stator structure,
which enables the decoupling of variables into three orthogonal
subspaces [3]. By determining four candidate vector groups
based on torque deviation and flux position, with each group
comprising two virtual vectors and one zero vector, the control
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algorithm achieves precise control over torque and flux through
duty-ratio modulation. Conversely, in [9], the TV-MPTC focuses
on enhancing steady-state performance by precisely determin-
ing appropriate active voltage vectors through predicted torque
error. A modified switching table, which considers only the
sign of torque deviation, is employed to select active voltage
vectors. This approach eliminates the need for cost function
minimization enumeration, thereby improving computational
efficiency. However, such methods also introduce additional
calculations, especially those involving the selection of multiple
voltage vectors and the precise calculation of the action time.

To alleviate the computational pressure of FCS-MPTC, in [10]
and [3], a deadbeat direct torque and flux control algorithm is
proposed. This method simplifies the conventional algorithm
to only evaluate three voltage vectors, significantly reducing
computational costs. A novel generalized hybrid method has
been introduced in [11], which uses artificial neural network to
train the model and directly select the optimal voltage vector,
avoiding the traditional ergodic calculation. In [11], a scheme
of incorporating current disturbance into adaptive fuzzy is pro-
posed to enhance the robustness of MPC to current disturbance.
This method avoids the introduction of additional controller
to realize current disturbance compensation, thus reducing the
complexity and calculation of the whole system. These methods
reduce the search space of optimization through different mech-
anisms, thereby effectively reducing computational costs while
maintaining high performance.

To measure accurate rotor position information is vital to im-
plement the CES-MPTC in PMSM. Generally, the position can
be acquired by sensor measurement or sensorless estimation. As
compared with the sensor measurement method, the sensorless
estimation scheme can ensure better environment adaptability
and reduced costs [13], [14], [15], [16], [17], [18], [19], [20].
As a classical method in position sensorless technology, sliding
mode observer (SMO) has strong robustness to system parameter
changes and external disturbances. However, there are also
shortcomings in traditional SMO, the inherent discontinuity of
the controller inevitably leads to system chattering. Therefore, it
is vital to improve the traditional SMO from three dimensions:
improve the switching function, improve the filter and phase-
locked loop (PLL). For minimize system chattering, a nonlinear
saturation function was innovatively introduced as the core
element of SMO in [16]. It can solve the false detection problem
caused by the discontinuity of traditional SMO switching func-
tions [17]. However, this method is susceptible to significant
external interference under extreme operating conditions. To
overcome these shortcomings, an SMO based on hyperbolic
tangent switching function was proposed in [18]. Due to its
continuous characteristics, it is possible to reduce chattering and
improve the stability the observer.

The higher harmonics generated by the nonlinearity of the
inverter can adversely affect the accuracy of rotor position
estimation. A method that fuses a complex bandpass filter with
PLL is proposed in [19]. However, there are shortcomings
in frequency adaptability, phase and amplitude maintenance.
Frequency adaptive complex coefficient filter (FACCF) can

adaptively adjust its center frequency according to the operat-
ing speed of the motor. This enables the filter to dynamically
adapt to the characteristic changes of the motor in different
speed ranges, further improving the robustness and adaptability
of the control system [20]. Recent advancements in PMSM
harmonic suppression and rotor position estimation introduce
novel observer designs addressing multi-harmonic disturbances.
A master-slave observer with complex-coefficient resonators
(CCRs) to decouple the back electromotive force (BEMF) is
proposed in [21], which can reduce the computational load
compared to real-coefficient methods while enabling selective
harmonic attenuation via integrated bandpass features. However,
CCR stability analysis remains complex, and low-frequency
phase distortions persist. In [22], an extended state observer
(ESO) in the γδ frame is presented, combining resonant ob-
servers with integrated grid (ROGI) to decouple harmonics
(−1st, −2nd, ±6th orders), improving low-pass filtering and
efficiency but requiring intricate frequency-domain parameteri-
zation and risking residual harmonics under dynamics. A dual-
filtered complex vector observer (DCVO) with adaptive speed
control is introduced in [23], achieving inherent harmonic sup-
pression at predefined frequencies (−5th, +7th orders) through
a minimal third-order structure. While ensuring rapid responses
and stability, parameter tuning complexity and robustness limi-
tations under wide-speed operations remain challenges.

The traditional method uses the arctangent to resolve the
rotor position directly from BEMF estimate. However, when the
BEMF is close to zero, it is susceptible to noise and increases
the position estimation error [24]. At present, various advanced
PLLs are used for more accurate rotor position acquisition in
[25]. A combination of BEMF estimation based on SMO and
software PLL technology is proposed in [26]. However, the
performance of this method is limited when the speed direction
is reversed. To avoid this problem, a nonorthogonal PLL [27]
and a Q-PLL [28] are designed. Furthermore, the adaptive PLL
is proposed [29] for more robust position estimation.

To improve the dynamic performance and robustness of
PMSM control, a sensorless CES-MPTC strategy is proposed.
The main features are as follows.

1) The optimized DQ-axis voltage components are online
calculated directly by locating the extreme point of the
MPTC cost function.

2) The SVPWM module is used to control the PMSM at
a fixed switching frequency. As compared to traditional
vector control, the two inner PI controllers are avoided.
As compared with the traditional FCS-MPTC, the overall
computation burden can be highly alleviated.

3) The three methods of hyperbolic tangent function, FACCF
and orthogonal PLL are integrated to solve the problems
existing in traditional SMO. As a result, the accuracy
and dynamic performance of position estimation can be
improved.

The rest of this article is organized as follows: In Section II, the
principle of the proposed sensorless CES-MPTC is presented.
In Section III, the experimental results are discussed in detail.
Finally, Section IV concludes this article.
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Fig. 1. Control block diagrams of two MPTC strategies. (a) Traditional FCS-
MPTC. (b) Proposed sensorless CES-MPTC.

II. PRINCIPLE OF THE PROPOSED SENSORLESS CES-MPTC

A. Motivation of the Development of the Proposed Scheme

The core of traditional direct torque control strategy lies in
constructing a dual closed-loop feedback mechanism of torque
and magnetic flux, and cleverly integrating proportional integral
(PI) controller to ensure the stability and reliability of system
operation. However, the PI controller has the following issues.

1) While stabilizing system performance, the agility of sys-
tem dynamic response is inevitably sacrificed.

2) The inherent limitations of PI controllers, such as the
nondynamic adjustability of parameters, which limits the
ability to cope with external conditions such as motor load
fluctuations, environmental temperature fluctuations, and
power supply instability.

3) When facing rapid load changes or external disturbances,
PI controllers are prone to overshoot and oscillation phe-
nomena.

To overcome the above challenges, as shown in Fig. 1(a),
introducing MPC into the torque control loop has become an
innovative strategy. This method can improve the adaptability
of the system to complex working conditions with fast responses.
However, in practical applications, there is a core challenge: it
is necessary to undergo up to seven iterative calculations within
each control cycle to accurately select the optimal voltage vector.
This intensive computing demand puts significant pressure on
the controller. Furthermore, due to the nonfixed frequency of
voltage vector selection, significant fluctuations in magnetic flux
and torque may exist.

As shown in Fig. 1(b), a new method based on the derivative
of the cost function is proposed. This method utilizes the partial

derivative information of the cost function on the voltage vector
to directly calculate the components of the optimal voltage vec-
tor in the DQ coordinate system. Furthermore, this method can
be seamlessly integrated with SVPWM technology. In addition,
the improved SMO-based sensorless methods can be combined
with the proposed method to ensure reliable position estimation,
which can further reduce the cost of the system while improving
its reliability and robustness. Based on the above analysis, it can
be concluded that the proposed sensorless CES-MPTC has the
following advantages.

1) CES-MPTC uniquely computes the optimal voltage vector
by directly solving the extremum of the cost function,
eliminating the need for exhaustive search algorithms
used in traditional methods, thereby significantly reducing
computational burden. This scheme is more suitable for
low-cost embedded controllers with improved real-time
control performance.

2) By integrating SVPWM, CES-MPTC maintains a fixed
switching frequency, which enhances torque and flux rip-
ple suppression, improving system stability and accuracy
compared to traditional MPTC methods with variable
switching frequencies. By eliminating the two internal
PI controllers in traditional FOC and achieving fixed
switching frequency, CES-MPTC exhibits faster dynamic
response and enhanced robustness under load disturbances
and speed variations

3) CES-MPTC incorporates an improved SMO with hyper-
bolic tangent switching function, FACCF, and orthogonal
PLL, enabling more accurate and robust rotor position
estimation without position sensors.

B. Principle of the Proposed CES-MPTC

1) Basic Model of the PMSM: For a surface-mounted
PMSM, the stator voltage equation can be expressed as{

ud = Rid +
dψd

dt − ωψq
uq = Riq +

dψq

dt + ωψd
(1)

where R is the stator winding; id, iq are the DQ-axis current
component; ω is rotor angular velocity; ψd,ψq are the DQ-axis
stator magnetic flux components, which can be expressed as{

ψd = Ldid + ψf
ψq = Lqiq

(2)

where Ld = Lq = Ls are the stator winding inductance and ψf is
permanent magnet flux;

The stator magnetic flux can be expressed by

ψs =
√
ψ2
d + ψ2

q . (3)

For surface-mounted PMSM, the torque equation is relatively
is expressed as

Te =
3

2
Pnψf iq (4)

where Pn is the number of motor pole pairs.
2) Basic Model of Predicted Torque and Flux Linkage: The

differential equation expression of PMSM current in a rotating
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coordinate system can be expressed as

[did
dt
diq
dt

]
=

[− R
Ls

ω

ω − R
Ls

] [
id
iq

]
+

[
1
Ls
ud

1
Ls
uq − ω

ψf

Ls

]
. (5)

Using the first-order Euler discretization formula to discretize
the current differential equation, the DQ-axis currents at time
k+1 are expressed as{

id (k + 1) = 1
Ls
M + Ts

Ls
ud (k)

iq (k + 1) = 1
Ls
N + Ts

Ls
uq (k)

(6)

where M and N are intermediate variables, represented as{
M = (Ls −RTs) id (k) + ωTsLsiq (k)
N = (Ls −RTs) iq (k)− ωTsLsid (k)− ψfωTs

. (7)

The predicted torque value for the next instant can be ex-
pressed as

Te (k + 1) =
3

2
Pnψf iq (k + 1) . (8)

The predicted magnetic flux value at the next instant is{
ψd (k + 1) = Ldid (k + 1) + ψf
ψq (k + 1) = Lqiq (k + 1)

. (9)

Based on (5) and (9), the predicted magnetic flux can be
expressed as{

ψd (k + 1) =M + Tsud (k) + ψf
ψq (k + 1) = N + Tsuq (k)

. (10)

The core of the traditional FCS-MPTC strategy is to use
stator magnetic flux and electromagnetic torque as key control
variables. To ensure a balanced consideration of both during
the optimization process, the cost function J in the form of a
weighted sum of stator flux error and electromagnetic torque
error is utilized, which is expressed as

J = λ1[T
∗
e − Te (k + 1)]2 + λ2[ψ

∗
s − ψs (k + 1)]2 (11)

where Te
∗ and ψs

∗ are the reference values for torque and stator
magnetic flux, respectively; λ1,λ2 is the weight coefficient. The
weight coefficient in this article is selected through a large
number of experiments, taking λ1:λ2 = 1:20.

3) Calculation of Ud and uq: Based on the above analysis,
it can be concluded that the voltage vector that minimizes the
cost function is the optimal voltage vector. Combining (4) and
(7), it can be concluded that torque is only related to the Q-axis
current; It was found from (6) that it is only related to the Q-axis
voltage. Similarly, combining (3) and (9), it can be concluded
that the magnetic flux is related to the DQ-axis current, that is,
to the DQ-axis voltage.

Therefore, by taking the derivative of the cost function and
making it equal to 0, the cost function can be minimized. Fig. 2
provides a more intuitive representation of the logical relation-
ship in the calculation process of voltage vectors. The derivative

Fig. 2. Diagram of derivative solution logic analysis.

of the cost function on ud(k) and uq(k) can be expressed as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∂J
∂ud(k)

=
∂[λ2(ψ2

d−2ψdψd(k+1)+ψ2
d(k+1))]

∂ud(k)

∂J
∂uq(k)

=
∂[λ1((T ∗

e)
2−2T ∗

eTe(k+1)+T 2
e (k+1))]

∂uq(k)

+
∂[λ2(ψ2

q−2ψqψq(k+1)+ψ2
q(k+1))]

∂uq(k)

. (12)

Then, make the partial derivative equal to 0, expressed as{
∂J

∂ud(k)
= 0

∂J
∂uq(k)

= 0
. (13)

Thus, the ud(k) and uq(k) values corresponding to the mini-
mum cost function can be obtained as⎧⎪⎪⎨

⎪⎪⎩
ud (k) =

ψd−M−ψf

Ts

uq (k) =

λ1H
Ls

T ∗
e+λ2ψq−

(
λ1

H2

L2
s
+λ2

)
N

Ts

(
λ1

H2

L2
s
+λ2

) (14)

where H = 3/2Pnψf.

C. Sensorless Position Estimation Scheme

Based on the aforementioned analysis, CES-MPTC is de-
signed to utilize SVPWM technology for the inversion process,
with its switching frequency being fixed. During one output
cycle, the three-phase voltages are controlled to synthesize a
voltage vector, which is achieved through the implementation
of SVPWM technology. Consequently, the magnetic field in-
side the motor rotates at a constant angular velocity, resulting
in the formation of a circular flux trajectory. Therefore, like
the traditional field-oriented control, most of those traditional
sensorless position estimation schemes can also be utilized and
combined with the proposed CES-MPTC method. In this article,
an improved SMO-based sensorless method is developed to
combine with the CES-MPTC method.

Aiming at the phenomenon that oscillation and instability may
occur in the traditional SMO, the improvements are mainly made
from three aspects: the optimization of the symbol function, the
improvement of LPF and the rotor position estimation strategy.

The traditional SMO is a nonlinear observer designed based
on current measurement and current error, which reconstructs
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Fig. 3. Schematic diagram of improved hyperbolic tangent function.

Fig. 4. Structural diagram of FACCF.

the BEMF using current error. Based on the current state equa-
tion on theαβ-axis, the surface of SMO can be designed based on
the current observation error. The dynamic current error equation
can be expressed as

d

dt

[
ĩα
ĩβ

]
= − R

Ls

[
ĩα
ĩβ

]
+

1

Ls

[
uα
uβ

]
− 1

Ls

[
eα − vα
eβ − vβ

]
(15)

where ĩα, ĩβ are the current observation error; vα, vβ represents
the estimated BEMF; eα, eβ represents the extended BEMF{

eα = −ωψf sin θe
eβ = ωψf cos θe

(16)

where θe is the rotor electrical angle.
To further minimize the chattering effects, the hyperbolic

tangent function is utilized [18]. The expression of hyperbolic
tangent function is

f(x) =
ax − a−x

ax + a−x
. (17)

As illustrated in Fig. 3, the hyperbolic tangent function
is continuously differentiable near the zero point, which can
smooth the transition switching process and effectively suppress
high-frequency chattering. In addition, a as parameter controls
the slope of the function. The larger the value of a, the higher
the slope of the function near zero, and the faster the dynamic
response, but it may cause small amplitude oscillation. Reducing
the value of a can enhance the antinoise ability, but the response
speed is reduced. Finally, after a large number of experiments,
a = 2.2 was selected as the optimal parameter, taking into
account the response speed and antinoise performance.

For further reducing the chattering phenomenon and eliminate
phase shift, the FACCF as illustrated in Fig. 4 is also adopted
[20]. In the process of estimating the BEMF, the center frequency
of FACCF will be dynamically adjusted according to the motor

TABLE I
COMPARISON OF DIFFERENT FILTERS

speed estimated by SMO. By adapting to the real-time change
of motor running state, no amplitude attenuation and phase
offset can be realized. LPF has unity gain and no delay at zero
frequency. If the center frequency of LPF is moved to ω0 in the
frequency domain, the complex coefficient filter (CCF) is

CCF (s− jω0) =
ωc

s− jω0 + ωc
(18)

where ω0 and ωc are the center frequency and bandwidth fre-
quency respectively. By selecting the center frequency of CCF
as the frequency of the BEMF, and using the estimated angular
velocity of the motor as the center frequency, the filtered BEMF
can be represented as[

êαf
êβf

]
=

ωc
s+ ωc

[
ẽα
ẽβ

]
+

ω̂

s+ ωc

[−êβf
êαf

]
(19)

where ẽα and ẽβ are the estimated BEMF after the switching
function; êαf and êβ f are the estimated BEMF after filtering.
When designing FACCF, it should ensure that its center fre-
quency matches the estimated electrical angular velocity, and
the cut-off frequency changes adaptively with the estimated
electrical angular velocity in real-time.{

ω0 = ω̂
ωc = kcω̂

(20)

where ω̂ is the estimated electrical angular velocity, and kc is
the cut-off frequency coefficient. The bandwidth characteristic
of FACCF is directly affected by kc. Through a large number of
experiments, the value of kc is 1.

A comparison of different filters is illustrated in Table I. As
shown in this table, FACCF demonstrates clear superiority over
prior strategies through frequency adaptability, ensuring zero
phase lag and amplitude preservation, whereas the master-slave
architectures, ROGI, and DCVO may introduce implementation
complexities, computational burdens, or stability challenges.
Compared with the degradation of ESO, incomplete harmonic
suppression of ROGI, and sluggish dynamics of DCVO, the
filtering performance of FACCF can achieve zero phase dis-
tortion of the center frequency and robust harmonic suppression
at low carrier ratios. Unlike the multi-gain tuning of CCR or
the complex coefficient stability issues of ESO, the parameter
configuration of FACCF is simplified by only requiring a cut-off
frequency specification.

Finally, an orthogonal PLL as illustrated in Fig. 5 is adopted
to calculate the rotor position. The orthogonal PLL can natu-
rally eliminate the velocity information contained in the BEMF
through trigonometric transformation. Due to the variation of
BEMF with speed, the BEMF of PLL tracking estimator is
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Fig. 5. Schematic diagram of improved orthogonal PLL.

Fig. 6. Block diagram of the proposed sensorless position estimation scheme.

normalized [28]. The normalized position error signal can be
expressed as

ΔE ′
1 = −2êαf êβf cos(2θ̂e) +

(
ê2βf − ê2αf

)
sin(2θ̂e). (21)

Therefore, the rotor position estimation obtained from the
proposed PLL can be expressed as

θ̂e =
kps+ ki

s2
ΔE ′

1. (22)

1) The overall control block diagram of the improved SMO-
based position estimation method is shown in Fig. 6
The following possible advantages can be achieved. The
adoption of an improved hyperbolic tangent function can
fundamentally eliminate the mutation points in traditional
sign function. Thus, the high-frequency chattering phe-
nomenon generated during the dynamic process of sliding
mode can be reduced.

2) The FACCF is adopted to replace the low-pass filter,
which can accurately identify and eliminate harmonic
interference. Thus, the accuracy of rotor position and
speed estimation can be significantly improved.

3) An improved orthogonal PLL is utilized to replace the
Arctangent function. Due to its excellent tracking perfor-
mance and fast response capability, accurate and efficient
rotor position estimation can be achieved.

III. EXPERIMENTAL RESULTS

To verify the validity of the proposed control strategies, the
experiments have been performed on a two PMSMs towing sys-
tem. As shown in Fig. 7, one motor is used as a propulsion motor
and the other one is a loading generator. The rated parameter of
the tested PMSM prototype is rated 24V/60W/3000rpm, and
the specific parameters of the motor are given in Table II. The
overall control block diagram of the proposed sensorless MPTC

Fig. 7. Test-bed system.

TABLE II
SPECIFICATIONS OF THE TESTED MOTOR

Fig. 8. Based on the improved CES-MPTC sensorless system diagram.

is shown in Fig. 8 and the overall algorithms are all implemented
in a TMS320F28335-based controller.

To demonstrate the superiority of the proposed sensorless
CES-MPTC performance, experiments are conducted via the
following three aspects.

1) The effectiveness of CES-MPTC is validated and com-
pared with traditional FCS-MPTC and FOC control strate-
gies.

2) The superiority of the improved SMO-based sensorless
position estimation scheme is verified by four different
combination modes.

3) The validity of the sensorless CES-MPTC is also verified.

A. Experimental Results of the CES-MPTC Under
Steady-State Operation and Dynamic Operation

The steady-state control performance of different control
strategies at 1000 rpm is shown in Figs. 9 and 10. As shown
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Fig. 9. Waveform of three-phase current under different methods. (a) Finite-
control-set model predictive torque control. (b) Field oriented control. (c) Three-
vector model predictive torque control. (d) Cost-function extremum seeking-
based model prediction torque control.

Fig. 10. Stator flux trajectory under 1000 r/min. (a) Field oriented control. (b)
Cost-function extremum seeking-based model prediction torque control.

in Fig. 9(a), the traditional single vector FCS-MTPC only uses
one effective voltage vector in each control cycle, and the
switching frequency is not fixed, resulting in high harmonic
content in the current. In Fig. 9(c), TV-MPTC achieves a nearly
constant switching frequency by calculating the duty cycle [9].
Consequently, the system stability is enhanced. As can be seen in
Fig. 9(b) and (c), as the SVPWM strategy is utilized in FOC and
the proposed CES-MPTC, the switching frequency of inverter
can be fixed, thereby the harmonics in phase current can be
highly eliminated. Compared with FOC, the proposed CES-
MPTC can avoid using two PI controllers in the two current loops
while still maintaining high stability in steady-state operation.

In Fig. 10(a) and (b), it can be clearly seen that under
the control of CES-MPTC, the trajectory of stator magnetic
flux exhibits a circular characteristic. Therefore, the magnetic
field state of the motor is evenly distributed in space, and the
magnetic flux in the stator winding changes smoothly. There-
fore, it is conducive to generating continuous sinusoid back-
emf, which can help improving the rotor position estimation
accuracy.

To validate the dynamic operational effectiveness of CES-
MPTC, tests were conducted on the speed closed-loop transition
processes with various reference speeds. Under conditions of
sudden speed changes and load variations, the rotor speed was

Fig. 11. Dynamic waveform under different methods. (a) Finite-control
-set model predictive torque control. (b) Field oriented control. (c) Three-vector
model predictive torque control. (d) Cost-function extremum seeking-based
model prediction torque control.

Fig. 12. Time diagrams for three types of torque control operation.

capable of promptly tracking the reference values. As discussed
in Fig. 11(a), only a limited number of voltage vectors are
selectable for each control cycle, with their amplitude and
direction being fixed. This limitation may result in the system
being unable to fully meet the current control demands during
voltage vector selection, leading to significant torque and flux
ripple. In Fig. 11(b), the FOC achieved precise regulation of
motor performance by decoupling torque and magnetization
control. However, as two inner PI control loops exist, complex
PI parameters tuning process is required and the dynamic re-
sponses of the controller are affected. As illustrated in Fig. 11(c),
TV-MPTC reduces torque ripple under single-vector operation
by synthesizing multiple vectors. However, since this method is
still based on voltage vectors in the discrete domain, it exhibits
relatively large torque ripple compared to vector control. As
shown in Fig. 11(d), compared with the other three control
strategies, the CES-MPTC can ensure smoother torque tracking
and high-speed dynamic response. Compared with the FOC
method, the two inner PI control loops are eliminated, and there
is no need for a complex PI parameter tuning process. The
controller can still easily achieve good dynamic response and
lower torque ripple.

Subsequently, the computational burdens of three torque con-
trol schemes were compared. In the DSP28335 controller, the
execution time, which serves as a metric for computational
complexity, can be directly read from the console. The execution
times depicted in Fig. 12 represent the duration from vector
calculation to the determination of the optimal voltage vector
within one cycle for different control strategies. Notably, for
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Fig. 13. BEMF before and after filtering. (a) Mode I. (b) Mode II.

Fig. 14. Estimated BEMF and rotor position under different operation modes.
(a) Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

TV-MPTC, this time also includes the duration for duty cycle
calculation. The experimental results reveal that the execution
times for the three control schemes are 83.18, 61.51, and 7.93μs,
respectively. It can thus be inferred that the proposed CES-
MPTC significantly reduces the computational complexity of
the system.

B. Experimental Results of the Improved SMO-Based Position
Estimation Method

To verify the validity of proposed sensorless position estima-
tion scheme, the following four operation modes were selected
for comparison in this experiment.

1) Mode I: Traditional SMO with LPF.
2) Mode II: Traditional SMO with FACCF.
3) Mode III: Improved SMO (with hyperbolic tangent func-

tion).
4) Mode IV: Improved SMO with FACCF. In the four modes,

the rotor positions are finally calculated with the orthog-
onal PLL.

As shown in Fig. 13(a), due to charting effects in the tra-
ditional SMO, it is vital to add a filter to obtain the BEMF.
However, when using LPF, it is inevitable to introduce some side
effects such as phase distortion and signal delay. To overcome
this problem, the FACCF can be adopted. As shown in Fig. 13(b),
the high frequency harmonics can be eliminated much better than
that in operation mode I.

The position estimation results of the four operation modes
are compared, which are shown in Figs. 14, 15, and 16. As
shown in Fig. 14(a), the using of LPF introduces amplitude
attenuation and phase shift in the estimated rotor position. As
can be seen in Fig. 14(b), compared to mode I, the FACCF

Fig. 15. Comparison of the FFT results of the estimated BEMF in the four
operation modes. (a) FFT results. (b) THD of the BEMF in the four modes.

Fig. 16. Estimation angle and actual angle error waveform in four modes. (a)
Mode I. (b) Mode II. (c) Mode III. (d) Mode IV.

utilized in mode II can maintain signal authenticity and in-
tegrity by automatically adjusting the center frequency with
rotational speed. In mode III, by using the hyperbolic tangent
function as the switching function of the SMO, the BEMF
can be estimated without LPF. However, the estimated BEMF
signals are distorted so that more high-order harmonics will be
introduced. As illustrated in Fig. 14(d), in mode IV, by adding
the FACCF, the sinusoidal degree of the estimated BEMF can be
further improved. In addition, compared with Mode I, the phase
shift of the BEMF obtained by other three methods was well
suppressed.

The total harmonic distortion (THD) of the estimated BEMF
under the four operation modes are compared in Fig. 15(a). As
can be seen in Fig. 15(b), the THD of BEMF in mode I is the
highest, which reaches about 20.68%. In mode II and mode III,
the THD of BEMF is decreased to 13.36% and 12.51%, respec-
tively. In mode IV, the lowest of the THD of the four modes can be
achieved, which is about 7.6%. Therefore, the integration of hy-
perbolic tangent function and FACCF can ensure better sinusoid
degree of the estimated BEMF. The tested position estimation
results of the four modes are also compared in Fig. 16. Compared
with traditional SMO, this strategy reduces the rotor position es-
timation error by 75%, with a position error of about 1.5°. The re-
sult not only demonstrates its excellent ability to improve system
stability, but also deeply validates the effectiveness and practical-
ity of the proposed method in improving the position estimation
accuracy.
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Fig. 17. Tested waveforms of the proposed sensorless CES-MPTC. (a) Speed
waveform under dynamic operations. (b) Three phase current at steady state.

Fig. 18. Dynamic waveform under variable speed and load transitions.

C. Experimental Results of the Sensorless CES-MPTC Scheme

The steady state and dynamic driving operation of the pro-
posed sensorless CES-MPTC is also tested for verification. As
shown in Fig. 17(a), it can be clearly observed that the estimated
speed can accurately track the actual speed value under dynamic
operation conditions with speed transitions and load transitions.
The experimental results show that even under the influence of
speed changes and load disturbances, the motor drive system
can operate stably in sensorless operation. The waveform of
three-phase current in steady state operation is also shown in
Fig. 17(b). Due to the fixed switching frequency of the proposed
sensorless CES-MPTC strategies, the three-phase current can be
smoothly with higher sinusoid degree compared to traditional
FCS-MPTC methods.

The torque and flux linkage under dynamic speed and load
conditions are shown in Fig. 18. As can be seen in this figure,
when introducing a load disturbance, the torque responds almost
immediately with a significant increase, which ensures the speed
can quickly recover to the required level. On the contrary, when
the disturbance is eliminated, the torque can quickly decrease to
an appropriate level, reflecting the high flexibility and accuracy
of the torque control mechanism. It is worth noting that at the
moment when the speed undergoes a step change, the torque also
shows a corresponding dynamic adjustment. This phenomenon
highlighted the fast response capability of the torque control
system in dealing with sudden signals and its effectiveness under
high dynamic performance requirements.

IV. CONCLUSION

In this article, a CES-MPTC control strategy for PMSM with
sensorless position estimation is proposed for the PMSM drive
system. Detailed theoretical analysis and experimental results
are discussed for verification. The main features of this article
are as follows.

1) Introducing MPC into the traditional torque control field
avoids the adverse effects of the inherent limitations of PI
controllers. This in turn improves the dynamic response
of the system.

2) The optimal voltage vector is directly obtained by cal-
culating the partial derivative of the cost function of the
MPTC, which greatly reduces the computational burden
of FCS-MPTC. Furthermore, as the switching frequency
can be fixed under SVPWM control, the fluctuations in
magnetic flux and torque can be better suppressed. In turn,
the real-time control performance of the system can be
improved.

3) Accurate rotor position is highly required in the PMSM
control system. To eliminate dependence on position sen-
sors and enhance the overall reliability of the position
measurement process, the sensorless position estimation
scheme is also developed in this article. Like the traditional
FOC strategy, all the traditional and improved sensorless
position estimation strategies can also be integrated with
the proposed CES-MPTC. In this article, the improved
SMO with integrated hyperbolic tangent function, FACCF
and orthogonal PLL enables more accurate estimation
of rotor position information. Experimental results show
that the sensorless CES-MPTC strategy can operate stably
with high robustness even under speed changes and load
disturbance.
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