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Abstract—This article proposes a dynamic threshold

adjustment-based event-triggered (ET) strategy with finite
control set model predictive control (FCS-MPC) for permanent
magnet synchronous motor. A critical innovation is the dynamic
adjustment of the threshold inequality in the ET technique.
By incorporating the perturbation compensator to dynamically
adjust the threshold, the event-triggering condition is unaffected
by parameter drift and fast dynamic changes. In the absence
of triggering, the control framework retains the control signal
as constant. Upon fulfillment of the triggering condition, the
FCS-MPC scheme is activated to generate an updated optimal
control signal. To balance control performance and switching fre-
quency, an adjustable coefficient is incorporated into the modified
threshold inequality. The proposed method can flexibly reduce
switching frequency while alleviating the computational burden by
eliminating redundant operations. Extensive experimental studies
validate the effectiveness of the proposed method.

Index Terms—Dynamic threshold adjustment-based event-
triggered (ET) strategy, finite control set model predictive control
(FCS-MPC), permanent magnet synchronous motor (PMSM),
switching frequency.

I. INTRODUCTION

WITH the emergence of greater advanced microprocessors,
finite control set model predictive control (FCS-MPC) has stood
out for its simple implementation and flexibility in handling
nonlinear constraints [1], [2]. These features enable FCS-MPC
to achieve satisfactory control efficacy in permanent magnet
synchronous motor (PMSM) drives, which is widely used in
electric aircraft applications [3], [4].
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However, in practical applications, FCS-MPC faces numerous
limitations. One significant limitation is the occurrence of high
switching loss due to high switching frequency [5]. The methods
to reduce the switching frequency can generally be classified
into four categories. The first one involves employing innovative
pulse width modulation (PWM) techniques to reduce the switch-
ing frequency. In [6], diverse modulation techniques for reducing
switching losses are summarized. It also clearly discusses the
synchronous optimal PWM method, focusing on achieving low
switching frequency. In [7], the synchronous optimal PWM
method is employed to achieve low switching frequency op-
eration for modular multilevel converter (MMC). Furthermore,
a low-frequency carrier phase shifting modulation technique for
MMC s proposed to decrease switching frequency during opera-
tion in [8]. However, these methods involve complex modulation
strategies. The second category of methods is to use long-horizon
prediction to reduce the switching frequency [9], [10]. Though
long-horizon prediction offers superior performance compared
to conventional prediction methods, its implementation is hin-
dered by its significant computational resource requirements.
The third approach involves incorporating a switching frequency
constraint into the cost function [11], [12], [13]. In [13], two
distinct cost functions are applied separately for steady-state
and transient conditions, ensuring a low switching frequency in
steady-state and a fast response during transients. Nevertheless,
these methods are heavily reliant on weighting factors, and
selecting appropriate weighting factors can be quite challeng-
ing. The last category is to reduce the switching frequency by
optimizing the selection of control modes. In [14], the best
voltage vector is selected based on optimization criteria using
graph algorithms. This optimization not only ensures accurate
current tracking but also reduces the switching frequency. To
enhance spectral performance and reduce switching frequency,
novel FCS-MPC schemes based on optimized pulse patterns are
proposed in [15] and [16]. This method in FCS-MPC selects the
optimal pattern from a predesigned pulse mode library for the
next control step, based on the current state and predicted objec-
tives. However, the drawbacks of this category include a complex
control structure and high hardware requirements. Moreover, all
the aforementioned methods aim to reduce switching frequency
while neglecting the computational burden.

FCS-MPC typically determines the optimal control action
by solving an online optimization problem in each control
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cycle [17]. Nevertheless, this results in a substantial cumulative
computational burden. In fact, the control actions generated
by switch signals in many adjacent control cycles are almost
identical. Therefore, it is worth considering removing the re-
dundant switching signals from these control cycles to reduce
the switching frequency and alleviate the computational burden
[18]. Recent research has witnessed notable advancements in
applying event-triggered (ET) techniques in MPC to reduce
switching frequency [19]. ET control is a technique that dy-
namically determines system controller updates based on a
triggering condition [20]. This control technique aims to reduce
unnecessary control signal updates and thereby decrease the use
of communication and computational resources [21]. In [22], a
robust MPC method based on the dynamic ET mechanism was
proposed for linear systems, and the triggering threshold was
determined through interpolation strategies and optimization.
However, this method is only applicable to linear systems,
whereas motors are nonlinear and strongly coupled systems. In
[23], an ET-MPC algorithm based on an ET mechanism and a
dual-mode approach was proposed for unconstrained nonlinear
systems. Nevertheless, the structure of this method is relatively
complex, and its stability is affected by prediction errors. In
[24], an integral-type ET condition designed based on the inte-
gral of the state estimation error was proposed. Unfortunately,
integration processes may result in delayed responses to rapid
disturbances or dynamic changes. An ET technique-based MPC
for the power converter method is introduced in [25]. The
method executes control actions only when the predesigned
triggering condition is violated, showing significant advantages
in reducing the switching frequency. Despite several ET-MPC
schemes have been reported, none of them consider the impact
of parameter drift or fast dynamic changes in motor drive sys-
tems on the threshold triggering condition, which may result
in threshold variations. An increased threshold may excessively
reduce triggering frequency, potentially compromising system
control accuracy. Conversely, decreasing the threshold increases
the switching frequency, leading to higher switching losses.
Overall, it is essential to consider the impact of prediction errors
within the ET control framework.

In view of the above-mentioned observations, this article
presents a novel dynamic threshold adjustment-based ET-MPC
scheme for PMSM with lower switching frequency. The pro-
posed method utilizes an adjusted threshold inequality to ac-
tivate control updates only when the control signal surpasses a
predefined threshold. To facilitate this, a perturbation observer is
introduced to dynamically adjust the threshold, ensuring that the
triggering condition remains unaffected by parameter drift and
fast dynamic changes. In the absence of triggering, the control
signal is held constant. Through the elimination of redundant
switching signals across consecutive control cycles, this method
effectively reduces the switching frequency and alleviates the
computational burden. In addition, to further balance control
performance and switching frequency, an adjustable coefficient
is introduced into the threshold inequality. Extensive experi-
mental studies validate the effectiveness and feasibility of the
proposed method.

The main contributions of this article are as follows.
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1) A dynamic threshold adjustment mechanism is introduced
into the ET-MPC framework, enabling real-time com-
pensation for parameter drift and speed variations in the
PMSM drive system. This ensures accurate triggering
decisions under varying conditions, thereby enhancing
control reliability.

2) Beyond switching frequency reduction, the alleviation of
computational burden is considered an additional benefit
of this method, since the complete MPC optimization is
not required in many sampling periods in the proposed
method.

3) The proposed control scheme incorporates an adjustable
coefficient in the threshold inequality to allow users to
fine-tune the balance between control performance and
switching frequency based on specific application needs.
This design provides the control scheme with broader
applicability, making it suitable for complex conditions
and diverse application scenarios.

II. MATHEMATICAL MODEL OF PMSM

In the d-g frame, the dynamic behavior of the motor is sim-
plified, allowing for more intuitive control. This article focuses
on a surface-mounted PMSM (SPMSM) with equal d-g axis
inductances. Therefore, the voltage equations of PMSM in the
d-q frame are as follows:

{ud = Ryig+ Ly — w L,

di,

1
Ug = Ryig + Lyt + we(Lsia + ) W

where R, denotes the stator resistance; L, denotes the stator
inductances; i4, ig, U4, Ug respectively denote the d-g axis
currents and voltages; 1)y denotes the permanent magnet flux
linkage; w. denotes the electrical angular velocity, which can be
assumed that is a constant in steady-state.

By selecting the d-g axis currents as state variables, (1) can
be rewritten accordingly as

Xaq(t) = AagTaq(t) + Baquag(t) + Eaq 2
Wherexdq(t) = [ld iq]T’ udq(t) = [ud uq]Ts Edq = [O 'W6¢f/Ls]T’
_Rs We )
Adq: _i’)z _& ,qu: |:Lbs Ll:l

III. PROPOSED DYNAMIC THRESHOLD ADJUSTMENT-BASED
ET METHOD

To tackle the issue of high switching frequency, this article
presents a dynamic threshold adjustment-based ET technology
with FCS-MPC for PMSM. In this section, the details of the
proposed strategy are presented.

A. ET-MPC Without Dynamic Adjustment

The control structure of the ET-MPC method is depicted
in Fig. 1. The ET-MPC method updates control actions only
when the predesigned triggering condition is violated, showing
significant advantages in reducing the switching frequency.

To describe the ET-MPC process, we first define the time
interval [t t,,+1), where f,, ;1 is the triggering time when the
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Fig. 1. Diagram of ET-MPC method.

activation triggering condition occurs. The relationship between
t, and t,, 11 is as follows:

tns1 =tn, + N.T,,N € R+ 3)

where N denotes the number of cycles the event program op-
erates until the preset condition is triggered; T's represents the
sampling period.

Remark 1: If there is no activation triggering condition within
this time interval, the suggested control framework will not
update after sending the control action x(¢,). When ¢ = ¢, 1,
indicating that the activation triggering condition has been met,
the suggested control framework will update the control action
tox (t n+1 )

Before determining the triggering condition, it is essential to
define the error of the state variables through (2) as follows:

e(t) = @ag(tn) — Tag(t),t € [tn,tni1) Q)

where x 44(t,,) represents the state variables that have not been
updated within the time interval [, ,,4+1).

To ensure input-to-state stability (ISS), it is necessary for e(?)
to satisfy the following inequality:

le@)l < o7 @aq (1)l ©)

where o and 7 are ko class functions; o and 7 can be selected
based on stability; ||-|| denotes the 2-norm.

The following derivations can be deduced according to (2)
and (4):

dlle®| _ ’ d6(t)H _ ‘ dﬂBd_q(t)H
dt - dt dt
= [[AagTaq(t) + Baguaq(t) + Eqqll
< Adg®aq ()| + | Bagteaq () || + || Bl
< | Adge@®)|l + | Adgaq (ta)l

+ [ Bagaq ()] + [ Eaqll
[ Adqll le@®)l + [[Adqzaq (En) |
+ 1 Buagll v + [ Eaql (©)

IN

where [[u 4,(0)||[<win [t,,, t,+1), u € R
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It can be seen that the upper bound inequality (6) is quite
complex. For the sake of convenience in subsequent expressions,
define

A _
© 2 [le()ll+ [ Adgll ™ (| Adg@aq(t) |+ Bagllu + | Eag)) -
(N

Therefore, (6) can be rewritten as
® < | Aggll @ ®)

where & is the derivative of ®.
When ¢ = ¢, according to the definition of ®, we have

A —
©y,, = [|Aaqll ™ (1 Adg@aq(t)l| + 1 Bagllu + | Eagll) 9

where e(t,,) = 0 according to (4).
At this point, solving (8) yields the following inequality:

b < oy (U tA)

1Aaqll ™" (| Adgaq (t)l|+ | Bag | ut | Eaq ) « el 4eel 00
(10)

Subsequently, substituting the definition of ® into (10) gives
the upper bound of ||e(?)]|

le)ll < [|Adqll ™ (| Adgaq(tn)ll + | Bag |l u
+ 1 Egqll) (e”Adq”“*W - 1) . (11

The triggering condition for time 7,1 can be designed ac-
cording to the upper bound of ||e(?)||

-1
le(tns )l > | Adgll™ (| Adg®aq (tn)l] + [ Bagll u

1 Eayl) (e\lAquNTs _ 1) . (12)
Hence, the threshold 7 for ET-MPC is set as
T = || Aggll ™" (Il Adgaq (ta)l + || Bagll
By l) (AN 1) a3

where T is a positive number.

The threshold in ET-MPC techniques determines when the
system updates the control input, which occurs when the state
error exceeds the threshold. In motor control systems, ET-MPC
is susceptible to prediction errors, which can lead to changes in
the threshold.

B. Threshold Error Analysis

When considering prediction errors, the influence on the
threshold formula originates from deviations in the system co-
efficient matrices A 44, B 44, and E 44. By substituting the matrix
values from (2) into (13), the detailed threshold expression is
derived as follows:

U+We Y
7= gy ()| + — (eNTs (’L)wz_1>_
Ls (12_:) —l—wg

(14)
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Fig. 2.

Further analysis reveals that variations in the resistance R,
inductance L, flux linkage 1)y and electrical angular velocity
w, within the parameter matrix can introduce errors, thereby
impacting the threshold formula. When the motor operates in
steady state, variations in motor speed are not considered, the
formula incorporating prediction errors is introduced as follows:

Ry =R, + ARS
Ly =Ls+ AL,
VYo = Y5 + Aty

where R, Ly, and 1) represent the nominal values of resistance,
inductance, and flux linkage, respectively; Rso, Lo, and g
represent the actual values of resistance, inductance, and flux
linkage, respectively.

Incorporating these influences into the threshold formula
yields a new threshold

15)

U+ we'(/)fo

Thew = HJqu(tn)H +

2
Looy/ (52 + w2

-1 (16)

At this point, the difference in threshold variation can be
obtained

AT = T — T
= gt (o TERE 57 — o7

U+ we(Yy + Arhy) (eNTs (§§1§§§)2+wg_1)
2
R.+AR.
L\/(LIT) +w?
B U+ weths <€NT5 (B2)’ 42 _1>.
2
Loy (£2) +2

To assess the influence of parameter variations, a fixed operat-
ing condition is considered. The effect of parameter deviations
on AT under rated operating conditions is depicted in Fig. 2.
The parameter variation ranges from -0.5 to 0.5 times their
nominal values. It can be observed that the threshold error AT is
highly sensitive to variations in AL, and A1)y, where even slight
parameter deviations can significantly increase AT. In contrast,
the impact of AR, on AT is relatively minor.

_|_

7)
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Fig. 3. Impact of rotor speed on threshold 7.

To evaluate the influence of motor speed, the parameters are
assumed to be accurate. Based on (14), the variation of the
threshold with respect to speed is plotted in Fig. 3. It can be
observed that the threshold increases approximately linearly
with motor speed. Therefore, it can be concluded that rapid dy-
namics, such as changes in speed, may introduce non-negligible
threshold errors.

Remark 2: All the above-mentioned analyses indicate that
ET-MPC without threshold compensation is prone to triggering
threshold distortion when facing parameter drift or fast dynamic
conditions. Specifically, the threshold may become either too
large or too small and fail to update in a timely manner. An
excessively large threshold reduces the triggering frequency,
which can significantly lower the switching frequency. However,
this may come at the cost of reduced control accuracy. On the
other hand, an overly small threshold maintains higher control
sensitivity and accuracy but increases the switching frequency,
leading to higher switching losses. Therefore, maintaining a
properly regulated threshold is essential to balance control
performance, efficiency, and hardware reliability in practical
applications.

C. Proposed Dynamic Threshold Adjustment-Based ET
Method

Based on the aforementioned analysis of the sources affect-
ing the threshold, this article presents an innovative dynamic
threshold adjustment-based ET-MPC method for PMSM. The
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proposed method employs a perturbation compensator to dy-
namically adjust the threshold.

First, errors caused by variations in the system parameters
are considered comprehensively. Thus, (2) is rewritten as a new
state-space equation

Xaq(t) = AagTaq(t) + Baqudg(t) + Eaq + faq(t)  (18)

where fq,(t) = [fa(?) fq(t)]T. fa(?) and f,(7) respectively represent
the total errors on the d-¢ axis.
With the compensator applied, (18) is rewritten as

Error = Z1dgq (t) — Ldq (t)
Zldq (t) = Adqwdq (t) +ququ(t) +Edq +2Z24q (t) —C1€rror
Zqu(t) = —C2€rror

(19)

where z 44(?) represents the estimated d-g axis currents; 22 44(f)
represents the total errors fq4(¢); ¢1 and ¢y are the gains of the
compensator, ¢; = wa, C2 = W, wcis the ideal bandwidth of
the compensator.

The error of the state errors (4) is rewritten as

€(t) = z1dq(tn) — 21dq(t),t € [tn, tnt1)

where z1 44(,,) represents the estimated state variables that have
not been updated within the time interval [z,,, £;,41).
According to (20), the conclusions below can be inferred

dlle®)] ’ de(t) || _ ‘

dt | dt
= || Agg®aq(t) + Bagtaq(t) + Eaq + z244(t) —
= || Aqqaq(t) + Baguaq(t) + Eaq + z244(t)

)

)

(20)

dzldq (t) H

ClerrorH
+e1®4q(t) + c1€(t) — c12z14q(tn) |

< e [|@ag@) + ex 6()]| + e [[214q ()] + | Aag@aq (2]
(21)

where [[x 4,()|| < x in the time interval [¢,,, 7,,4+1), |[z244(D|| < z
in the time interval [#,,, #,,4+1), z € Riand z € R.
By redefining ¢, we obtain

+ [ Bagag (Ol + [ Eaqll + [|Z244 (1)

A~ 1
® = [[e®)|| + (z + [[z14q(tn) | + o | Adql| 2

1
S Balut o Bal+22). (D
Therefore, (21) can be rewritten as
b <@ (23)

where & is the derivative of .
Subsequently, the solution of (23) is given by

o< (I)t"e<ft;'+l cldx)
= ($+||z1dq( )H+ I\Adqllw+ ~ [Bag|| v

1 1 -
+ 1 Baqll + Cz) s g1 (tnsa=tn) (24)
1 1
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where é(t,,) = 0.
Next, substituting the definition of ® into (24) results in

le(®)l < <x+z1dq( )||+*||Aqux+ - [1Bagllu

1 1
+— | Bagll + z> (et — 1) 23)
C1 C1

Then, the upper bound inequality of [|€(¢,+1)|| is employed
to inform the formulation of the triggering condition. Therefore,
based on the inequality satisfying the ISS condition, a suitable
triggering mechanism can be established as

. 1 1
[e(tn+1)] > ¢ <w g ()l + = [ Aagll 2+ = [ Bagl| v

41 |1 Egq +1z) (e N 1) (26)
C1 C1
where (€(0,1] is adjustable to balance the tuning performance
and switching frequency. This ensures that FCS-MPC can flex-
ibly reduce the switching frequency.
Before applying the triggering conditions to FCS-MPC, dis-
cretization processing is required. The estimation of the state
variable error needs to be rewritten as

&(1) = z14g(n) — z14g(1),1 € [, + N). (27

The threshold triggering condition after discretization is as
follows:

le(n + N)[| > ¢ (:HIIzldq( )||+ IIAquIer " [Bag|| v

+l | Eaqll +1z> (e N — 1) (28)

C1 C1

The proposed dynamic threshold adjustment-based ET tech-
nique workflow is displayed in Fig. 4. Although n and N vary,
their sum always equals k + 1. The diagram of the predicted
current trajectory is depicted in Fig. 5. When the triggering
condition is not met, the technique maintains the control signal
unchanged, effectively reducing the number of switching events.
Upon fulfillment of the triggering condition, the MPC scheme
activates and updates control actions. As can be observed, the
MPC scheme is activated to update the control signal only when
the threshold inequality (28) is satisfied.

The state variables at time n or time n + N can be provided
to the FCS-MPC based on whether the threshold triggering
condition is met. The specific situation is as follows:

sl ) = {200 )

when (28) is not met

when (28) is met (29)

Considering one-step delay compensation, the current equa-
tion is rewritten as follows:

idq(k‘ +2) =TI+ Adq)idq(k‘ +1)+ TSZqu(kJ +1)
+ Tequudq(k + ]-) + TsEdq (30)

where i4q(k+2) indicates the d-q axis currents after delay com-
pensation.
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By minimizing the cost function, the controller can select the
optimal control actions to achieve the desired objectives. The
cost function selected after delay compensation is as follows:

YGopt = Ii:ief_id(k+2>I + II?f_iq(k‘I‘Q)I €Y

where 5" and i*" indicate the d-g axis reference currents.
Remark 3: The proposed method introduces both a threshold
inequality and a dynamic threshold compensation mechanism
into the FCS-MPC framework. While these additions introduce
slight structural complexity, they do not alter the fundamental de-
sign of the original FCS-MPC. The threshold inequality serves as
a decision layer for triggering control updates, and the dynamic
compensation mechanism enhances adaptability under system
variations. Both components are modular, allowing for seamless
integration into existing FCS-MPC implementations without
significantly increasing design or implementation complexity.
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Experimental platform.

TABLE I
PARAMETERS OF MACHINE

Specification Value
Rated power P 1.25 kW
Rated torque 7, 6 N'm
Rated speed n 2000 rpm
Number of pole pairs P, 2
Stator resistance R, 1.8 Q
d-q axis stator inductance L 7.6 mH
Flux linkage v, 0.33 Wb

Remark 4: Regarding computational complexity, the control
actions produced by switching signals in many adjacent control
cycles are almost identical. The proposed mechanism eliminates
redundant switching signals, thereby reducing the number of
optimization problems to be solved in FCS-MPC. The addi-
tional computational task only involves evaluating threshold
inequalities, which is a simple comparison operation. Compared
to the overall computational load of FCS-MPC, this additional
computation is negligible. Therefore, the computational burden
of the entire system is reduced.

IV. EXPERIMENTAL RESULTS

To confirm the efficacy of the proposed approach, experiments
are conducted on a 1.25-kW SPMSM in this article. The exper-
imental platform is illustrated in Fig. 6. The parameters of the
SPMSM are presented in Table I. The experimental setup utilizes
a dSPACE MicroLabBox for real-time control implementation.
A three-phase voltage source inverter is built using the Infineon
insulated-gate bipolar transistor module FF300R12ME4. To
comprehensively demonstrate the superiority of the proposed
strategy, experiments are carried out for three scenarios: tra-
ditional FCS-MPC (Algorithm 1), ET-MPC without dynamic
adjustment (Algorithm 2) and the proposed dynamic threshold
adjustment-based ET-MPC (Algorithm 3). The performance of
the three algorithms is comparatively assessed under conditions
of similar switching frequency and identical sampling frequency.
In addition, the switching frequency analysis and computational
burden analysis of each control scheme are analyzed to further
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Fig. 7. Steady state performance with rated load at 1000 r/min under sim-
ilar switching frequency of 3975 Hz. (a) Algorithm 1. (b) DPCC method.
(c) Algorithm 2. (d) Algorithm 3 (¢ = 0.5).

demonstrate the practical benefits of the proposed dynamic
threshold compensation strategy.

A. Similar Switching Frequency Experimental Results

To explore the differences in current quality and control
performance when targeting a specific switching frequency,
comparative experiments were conducted under the scenario of
“similar switching frequency with different sampling rates” for
the three algorithms.

1) Steady State Performance Comparison: First, the steady-
state performance comparisons of the three algorithms and
single-sampling single-update deadbeat predictive current con-
trol (DPCC) under a similar switching frequency of 3975 Hz
are depicted in Fig. 7. As shown in Fig. 7(a)—(d), the sampling
frequencies are set to 10, 4, 14, and 15 kHz, respectively, result-
ing in switching-to-sampling frequency ratios of approximately
39.75%, 100%, 28.39%, and 26.50% . Notably, the proposed Al-
gorithm 3 achieves the lowest switching-to-sampling frequency
ratio among the four. Compared to conventional FCS-MPC
and DPCC, the proposed ET-MPC method demonstrates lower
current distortion, reducing the total harmonic distortion (THD)
from 13.67% to 6.19% . This is because, under the identical
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Fig.8.  Stepload change performance from 0 to 6 N-m under similar switching
frequency of 3975 Hz. (a) Algorithm 1. (b) Algorithm 2. (c¢) Algorithm 3
(¢ =0.5).

switching loss constraint, the proposed ET strategy allows the
use of a higher sampling frequency, which improves current
tracking and reduces ripple. Higher sampling frequency shortens
the update interval for current, voltage, and speed measurements.
This allows the current deviation from its reference value be-
tween two consecutive predictions to be smaller, which reduces
error accumulation and consequently leads to lower current
ripple. In addition, the dynamic adjustment mechanism further
mitigates the impact of prediction errors on threshold triggering,
enhancing control performance.

2) Step Load Variation Performance Comparison: The com-
parative experiments on step load variation performance are
illustrated in Fig. 8. As can be observed, the load suddenly
steps from O to 6 N-m when the motor is running at 1000 r/min.
On the one hand, the transient period of speed change in all
three scenarios is approximately 130 ms. The motor speed
decreases as the load increases and then promptly returns to
the set speed. A rise in load leads to a corresponding increase in
phase current magnitude. The dynamic response performance of
the three scenarios is comparable. At the same time, the current
quality of all scenarios aligns with the results discussed above.
Under similar switching frequency, the conventional FCS-MPC
method exhibits a g-axis current ripple of 1.6 A at steady state,
whereas the proposed Algorithm 3 achieves a g-axis current
ripple of 0.6 A.

3) Acceleration Variation Performance Comparison: A
comparative evaluation of acceleration performance from stand-
still to 800 r/min is illustrated in Fig. 9. Under similar switch-
ing frequency, the speed waveforms during acceleration for all
methods exhibit smoothness. A settling time of approximately
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Fig.9. Acceleration performance from 0 to 800 r/min under similar switching
frequency of 3975 Hz. (a) Algorithm 1. (b) Algorithm 2. (c) Algorithm 3
(€=0.5).

300 ms is observed to reach steady-state conditions. During
the transient period, both the phase currents and d-¢q axis cur-
rents exhibit smoothness. The ET methods exhibit significantly
superior current quality compared to conventional FCS-MPC
upon reaching steady-state conditions. In addition, the proposed
method displays better current quality compared to the ET-MPC
without dynamic adjustment. The magnitude of the d-q current
ripple is in accordance with the preceding analysis.

B. Identical Sampling Frequency Experimental Results

To more intuitively quantify the actual contribution of the
proposed method to switching frequency reduction, perfor-
mance comparison experiments for the three algorithms were
conducted under the identical sampling frequency of 15 kHz.

1) Steady State Performance Comparison: The steady-state
performance of three algorithms is evaluated under rated load
at the speed of 1000 r/min, as shown in Fig. 10. To highlight
the differences in current harmonic distribution among the three
algorithms, the fast Fourier transform (FFT) analysis of phase
current i, is evaluated in Fig. 11. As observed from Fig. 10
and 11, Algorithm 1 achieves the lowest total THD of 5.12%,
owing to the full execution of MPC optimization in each control
cycle. In comparison, Algorithm 2 exhibits a higher THD of
7.41%, which results from the reduced switching frequency
introduced by the ET mechanism. The proposed Algorithm 3
with ¢ = 0.5 demonstrates a favorable tradeoff, achieving a THD
of 6.19% while reducing the frequency of control updates. These
results confirm the effectiveness of the proposed ET mecha-
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Fig. 10. Steady-state performance with rated load at 1000 r/min under the
identical sampling frequency 15 kHz. (a) Algorithm 1. (b) Algorithm 2.
(c) Algorithm 3 (¢ = 0.5). (d) Algorithm 3 (¢ = 0.9).
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Fig. 11. FFT analysis of phase current i, for all three algorithms under

the identical sampling frequency 15 kHz. (a) Algorithm 1. (b) Algorithm 2.
(c) Algorithm 3 (¢ = 0.5). (d) Algorithm 3 (¢ = 0.9).
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Fig. 12.  Step load change performance from O to 6 N-m under the speed
of 1000 r/min with accurate parameters at the identical sampling frequency
15 kHz. (a) Algorithm 2 with accurate parameters. (b) Algorithm 3 (¢ =0.5) with
accurate parameters. (c) Algorithm 2 with mismatched parameters (150% R,
150% L, and 50% 1) y). (d) Algorithm 3 (¢ = 0.5) with mismatched parameters
(150% Rs, 150% L, and 50% ).

nism in significantly reducing the switching frequency without
substantially compromising current control performance. More-
over, increasing the adjustable coefficient from 0.5 to 0.9 leads
to a controlled increase in THD to 8.21%, attributed to a higher
triggering threshold and reduced update frequency. This behav-
ior highlights the flexibility of the proposed approach, where
the coefficient ¢ can be tuned according to application-specific
demands to balance switching frequency and current quality.

2) Transient State Performance Comparison: To more
clearly verify the advantages of the proposed method in terms
of robustness and dynamic response, a step-load change com-
parison experiment between Algorithm 2 and Algorithm 3 was
conducted under the identical sampling frequency of 15 kHz, as
shown in Fig. 12. Since Algorithm 1 performs full prediction and
optimization at every sampling instant without incorporating an
ET mechanism, comparing Algorithm 2 and Algorithm 3 within
the same ET control framework is more suitable for isolating
the impact of the proposed dynamic threshold compensation
mechanism.
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TABLE I
IMPACT OF THE ADJUSTABLE COEFFICIENT ON SWITCHING FREQUENCY AND
CONTROL PERFORMANCE WITH RATED SPEED 2000 R/MIN UNDER IDENTICAL
SAMPLING FREQUENCY 15 KHZ

adjustable

coefficient 0.2 0.4 0.6 0.8 1
SWltChm(if)eq“ency 4330 4120 3785 3420 3265
current THD 53 sg 6 ) .4

(%)

As observed from Fig. 12(a) and (b) under accurate param-
eter conditions, both two algorithms exhibit a noticeable speed
drop after the load change, followed by a gradual recovery to
steady-state, with overall dynamic response performance being
roughly comparable. In terms of current quality, Algorithm 2
produces a ripple amplitude of approximately 0.8 A, whereas
Algorithm 3 (¢ = 0.5) maintains a smaller ripple of around 0.6
A. Under parameter mismatch conditions (150% R, 150% L,
and 50% 1)y), as illustrated in Fig. 12(c) and (d), Algorithm 2
exhibits significantly degraded performance. The current ripple
increases sharply to 1.3 A, and the waveform becomes notably
distorted, highlighting its sensitivity to parameter uncertainties.
Conversely, Algorithm 3 maintains relatively stable behavior
with a ripple amplitude still around 0.6 A and no evident
degradation in speed recovery or current response. These results
effectively confirm that the dynamic threshold compensation
mechanism can suppress trigger failures and performance degra-
dation caused by prediction errors under parameter mismatch,
significantly improving the current quality and the stability of
the ET-MPC mechanism.

3) Field-Weakening Region Performance Comparison: To
further validate the adaptability of the proposed strategy, a
comparative experimental study was conducted under both rated
speed and field-weakening conditions. Specifically, the motor
was operated at the rated speed of 2000 r/min and at 2400 r/min
(120% of the rated speed) by employing a leading-angle flux-
weakening strategy [26], while maintaining the identical sam-
pling frequency of 15 kHz for all three algorithms. The com-
parative results under the rated-speed condition are presented in
Fig. 13, and those under the field-weakening condition are shown
in Fig. 14. In addition, the impact of the adjustable coefficient
¢ on switching frequency and system control performance with
rated speed 2000 r/min is illustrated in Table II.

As shown in Fig. 13, Algorithm 1 achieves the lowest THD of
5.14% and best current quality at the rated speed of 2000 r/min.
However, this comes with a higher number of switching actions.
In contrast, Algorithm 2 reduces the switching frequency using
the ET mechanism, but increases the current THD to 7.59%
. Algorithm 3 with ¢ = 0.5 slightly improves current THD
to 6.19% over Algorithm 2, while maintaining a switching
frequency lower than Algorithm 1. A longitudinal comparison
shows that for Algorithm 2, current THD increases from 7.41%
to 7.59% as the speed rises from 1000 to 2000 r/min. This is
mainly due to the lack of threshold compensation in ET-MPC,
making it more sensitive to speed variations, consistent with the
earlier theoretical analysis. Unlike Algorithm 2, Algorithm 3
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Fig. 13.  Steady-state performance with rated load at rated speed 2000 r/min

under the identical sampling frequency 15 kHz. (a) Algorithm 1. (b) Algorithm
2. (c) Algorithm 3 (¢ = 0.5).
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maintains nearly consistent current quality across different
speeds, demonstrating better stability. This further confirms
that the proposed Algorithm 3 effectively mitigates threshold
errors caused by speed variations, enhancing the stability of the
triggering condition and improving system robustness.

As observed from Table II, as the adjustable coefficient in
the threshold inequality increases, the interval for updating the
control signals in the MPC scheme also lengthens. The switching
frequency of the control signal exhibits a decreasing trend as
the coefficient increases. As the coefficient increases from 0.2
to 1 under the identical sampling frequency 15 kHz, the THD
increases from 5.3% to 8.4% . Adjusting this coefficient helps in
fine-tuning the balance between control precision and switching
frequency. The switching frequency exhibits a downward trend
from 4330 to 3265 Hz as the coefficient is increased from
0.2 to 1. Therefore, the adjustable coefficient ¢ can flexibly
balance control performance and switching frequency, thereby
significantly increasing the flexibility of the control system.

Fig. 14 presents the control results at an elevated speed of
2400 r/min. As shown in Fig. 14, the overall trends in cur-
rent quality remain consistent with those observed at the rated
speed. Algorithm 2 exhibits a further decline in current quality
under field-weakening conditions, mainly due to the increased
threshold error at higher speeds, which intensifies deviations
in the triggering condition and reduces the number of effective
triggering events. In contrast, Algorithm 3 continues to maintain
stable switching frequency and current quality in this high-speed
region, demonstrating superior stability under field-weakening
operation.

C. Switching Frequency Analysis

The effectiveness of the proposed method in reducing the
switching frequency is evaluated in this subsection under the
identical sampling frequency of 10 kHz. By counting the number
of switching transitions in the upper arms of the three-phase
inverter over k sampling cycles for each of the three phases, the
switching frequency for each phase can be calculated as follows:

Shalsi- s

Je = 2kT,

=a,b,c (32)
where the denominator term “2” accounts for both rising and
falling edges in a single switching action.

Thus, the average switching frequency (ASF) is

fa+fb+fc
—3 .

Fig. 15 compares the ASF for all three algorithms at the identi-
cal sampling frequency of 10 kHz. The conventional Algorithm 1
exhibits the highest switching frequency across the entire speed
range. Conversely, Algorithms 2 and 3 significantly reduce the
ASF by introducing the ET mechanism. However, the ASF of
Algorithm 2, which adopts a static threshold, decreases notice-
ably as speed increases. This is because the threshold increases
with speed, leading to a lower triggering frequency, which is
consistent with the threshold error analysis in Fig. 3. On the

fasp = (33)
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identical sampling frequency of 10 kHz.

other hand, regardless of the value of ¢, the ASF of Algorithm 3
remains relatively stable as the motor speed increases from 200
to 1800 r/min. This indicates that the dynamic threshold updating
mechanism in Algorithm 3 effectively prevents the triggering
condition from being overly sensitive to threshold errors caused
by speed variations. In addition, when the adjustable coefficient
(¢ increases from 0.1 to 0.9, the ASF of Algorithm 3 decreases
significantly, demonstrating the flexibility and effectiveness of
the proposed method in reducing the switching frequency.

According to [27], switching loss is proportional to the switch-
ing frequency. Therefore, based on the switching frequency data
at 1000 r/min, if the switching loss of Algorithm 3 with an
adjustment coefficient { = 0.5 is assumed to be 1 p.u., the relative
switching loss ratios for Algorithm 1, Algorithm 2, Algorithm 3
(¢ =0.1), and Algorithm 3 (¢ = 0.9) are approximately 1.38,
1.12,1.26, and 0.72 p.u., respectively. It can be seen that the pro-
posed ET-MPC method can significantly reduce the switching
losses.

Under the identical sampling frequency of 10 kHz, the impact
of parameter mismatch severity and adjustable coefficient on the
ASF of the proposed Algorithm 3 was analyzed using MATLAB
simulations, as presented in Fig. 16. The motor operated at a
speed of 1000 r/min under rated load. The variation range of
each parameter is set from 0.5 to 1.5 times its nominal value,
with aninterval of 0.1 times the nominal value. It can be observed
that the ASF of the proposed Algorithm 3 decreases significantly
as the adjustable coefficient increases. This is because a larger
adjustable coefficient in the threshold condition results in a
longer control update interval in the proposed ET-MPC scheme.
In the entire range of parameter variations, the variation of
ASF remains very stable without significant fluctuations, indi-
cating the good robustness of the proposed dynamic threshold
compensation-based ET mechanism.

D. Computational Burden Analysis

To verify the effectiveness of the proposed method in reducing
the computational burden, the average execution times (AETSs)
of the three algorithms were measured using the real-time
profiling tool provided by the dSPACE platform, as summarized
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Fig. 16. Impact of parameter mismatch severity and adjustable coefficient
on the ASF of the proposed Algorithm 3 under the identical sampling frequency
of 10 kHz. (a) Resistance Ry mismatch severity. (b) Inductance Ls mismatch
severity. (¢) Flux linkage 1)y mismatch severity.

in Table III. Algorithm 1 exhibits the highest computational
cost at 25.56 us, as it performs complete prediction and op-
timization in every sampling cycle. Algorithm 2 reduces the
AET to 22.53 us by skipping redundant updates when the
triggering condition is not met, thereby decreasing the frequency
of full optimization steps. The proposed Algorithm 3 further im-
proves computational efficiency through its dynamic threshold
compensation mechanism. This mechanism allows the control
strategy to adaptively adjust the update rate based on system
deviation, thereby maintaining control accuracy while reducing
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TABLE III
COMPUTATIONAL BURDEN COMPARISON OF THE THREE ALGORITHMS

Algorithm 1 Algorithm 2 Algorithm 3
=01 24.34
=03 23.36
‘ag 25.56 22.53 £=05 22.15
=0.7 20.97
=09 19.56

computational load. As the adjustment coefficient ( increases
from 0.1 to 0.9, the AET decreases from 24.34 to 19.56 ps. This
trend indicates that higher ¢ values correspond to less frequent
triggering events, leading to fewer optimization calculations and
lower AET.

V. CONCLUSION

To address the challenges of high switching frequency, this
article introduces a dynamic threshold adjustment-based ET-
MPC method for PMSM. In addition, an adjustable coefficient
is employed to flexibly reduce the switching frequency. The
key novelty lies in the dynamic adjustment of the threshold
inequality in the ET technique. The experimental evaluations un-
der similar switching frequency, identical sampling frequency,
and both accurate and mismatched parameters confirm that the
proposed strategy effectively reduces unnecessary switching
actions, and maintains robust performance under system vari-
ations. Switching frequency and computational burden anal-
yses further demonstrate its adaptability for practical imple-
mentation. Furthermore, the influence of selecting adjustable
coefficients on the control system was further analyzed. It was
demonstrated that adjustable coefficients enhance the flexibility.
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