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Abstract

For multi-permanent magnet synchronous motors (multi-PMSMs) with nonlinearity and
uncertainty, an event-triggered nonlinear adaptive PI control is proposed. To enhance the
synchronization of multi-PMSMs, a coordinated control strategy is implemented. On the
basis of this, a nonlinear adaptive PI control is proposed to address the tracking of the
speed of the PMSMs, and the uncertainty signal is estimated by designing an adaptive law.
Furthermore, an adaptive event-triggered control mechanism is presented to update control
signals in real time, reducing communication resource consumption while maintaining ideal
performance. Simulation results on a four-PMSM ring-coupled system demonstrate that the
proposed event-triggered mechanism reduces the number of control signal transmissions
by up to 92.1% compared with time-triggered sampling, while maintaining comparable
control accuracy.

Keywords: multi-PMSMs; ring-coupled coordinated control; nonlinear adaptive PI control;
event-triggered mechanism; motor synchronization

1. Introduction

PMSM is a type of synchronous motor that generates a synchronous rotating magnetic
field through permanent magnet excitation. They possess many remarkable advantages
such as high power density, superior efficiency, high starting torque, and excellent power
performance, making their widespread application in electric vehicles, industrial robots,
medical care, and other fields [1-4]. The widespread adoption of linear PI control in
PMSMs stems from its straightforward structure and convenient implementation [5-7].
Nevertheless, conventional linear PI control exhibits considerable vulnerability to both load
variations and unforeseen perturbations within highly nonlinear systems, which conse-
quently restricts its ability to achieve the stringent precision requirements of PMSM [8-10].

In order to pursue high performance in terms of tracking accuracy and real-time
response, as well as to improve system robustness, a number of advanced control meth-
ods was proposed in recent years, such as adaptive control [11,12], model predictive
control [13,14], neural network control [15,16], and fuzzy logic control [17,18]. In [15], a
weight-adaptive neural network was designed based on Lyapunov analysis for the online
approximation of lumped disturbances. In [13], an improvement to the control accuracy of
PMSM was proposed. This enhancement entailed integrating a predictive compensation
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mechanism into the PMSM system. In [11], an adaptive terminal sliding mode controller
was applied to estimate the uncertainty of PMSM. In [17], a robust control method was
proposed to enhance system stability, which can handle the uncertainty and external distur-
bances of PMSM. Compared with traditional linear PI control methods. Theoretically, these
methods effectively solve the nonlinear problems in PMSM. But these methods greatly
increase the complexity of PMSM control, which is difficult to implement in practical appli-
cations. Therefore, it is worth paying attention to researching a practical control method to
improve the control effect of PMSM in actual applications.

As industrial technology continues to advance, PMSM often needs to work in collabo-
ration to satisfy work requirements. The coordinated control of multi-PMSM systems has
been extensively investigated by researchers. The main control methods currently used
for multi-PMSMs include cross-coupled control, virtual spindle control and ring-coupled
control [19-26]. Ring-coupled control is a widely adopted control method in modern multi-
PMSMs due to its strong system synchronization and anti-interference capabilities [23-27].
In [23], to enhance the multi-PMSMs’ performance, an improved active disturbance rejec-
tion ring-coupled controller was presented. This approach aims to boost synchronization
performance and strengthen robustness against disturbances in multi-PMSM applications.
In [24], an innovative control strategy involving a ring-coupled current compensation mod-
ule was proposed. In [25], a self-coupled PID ring-coupled control strategy was proposed
with a view to with the goal of improving the system’s robustness against interference.
In [26], a fuzzy modeling approach combined with event-triggered control is proposed
to achieve global stability control of grid-connected PMSMs under random disturbances.
In [27], an adaptive sliding mode control combined with the ring-coupling structure has
effectively synchronized multiple PMSMs. These control methods combine ring-coupled
control strategies with modern control algorithms, which significantly improve the cooper-
ative control capabilities of multi-PMSMs and ensure stable convergence of the system.

In recent years, event-triggered mechanisms have received widespread attention. By
designing trigger thresholds that reduce unnecessary signal transmission, the system only
activates when these thresholds are met, saving communication resources and reducing
the communication load [27-31]. In [27], a higher-order event-triggered mechanism was
designed for a nonlinear system to update the actual control input. In [28], a novel approach
to the implementation of a sliding mode speed control scheme was proposed, with particu-
lar relevance to PMSM. In [29], a novel event-triggered combined terminal sliding mode
control strategy was presented for PMSM speed regulation. In [31], an event-triggered
fixed-time control strategy was proposed to effectively achieve load tracking and motor
synchronization. Undoubtedly, all these strategies can effectively save communication
resources, but this may come at the cost of reduced convergence efficiency. Therefore, it is
necessary to design an efficient event-triggered control strategy that can ensure the system
converges rapidly while reducing the communication pressure on it.

In consideration of the aforementioned analysis, this work designs an adaptive event-
triggered ring-coupled nonlinear adaptive PI control for multi-PMSMs with strong nonlin-
earity. The main contributions of this work are outlined below:

1. A nonlinear adaptive PI control method is proposed that combines the advantages
of traditional PI control and adaptive control. By designing adaptive parameters, the
controller can be updated in real-time, which effectively reduces the difficulty of ad-
justing control parameters. This control method can effectively track and synchronize
the speed of a group of electric motors, and maintain control accuracy and stability
when faced with load changes and unknown disturbances.

2. Anadaptive event triggering mechanism based on the ring-coupled control strategy for
multi-PMSMs is designed, which adapts the time triggering threshold according to the
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actual operating status of the PMSM. This control strategy avoids unnecessary signal
updates, reducing the communication resource consumption of the multi-PMSMs
while ensuring system convergence efficiency.

The remaining sections are as follows: The mathematical model of the system is
developed in Section 2. Section 3 designs the control scheme and analyzes its stability.
In Section 4, we provide simulation-based evidence to confirm the effectiveness of our
approach. Finally, we present conclusions in Section 5.

2. System Description and Preliminaries
2.1. System Description

Assuming three-phase symmetry, ignoring hysteresis loss and core saturation, accord-
ing to the principle of magnetic momentum equivalence in the system, the voltage of the
PMSM in the rotating two-phase system is given by the following equation

{ Ug = Ryig + Ld% — wEl/Jq )
ug = Ryig + Lq% — WelPy

where u; and u, are d,q — axis voltages, respectively. iy and i; are currents. Ry, is re-
sistance. L; = L4 are inductance. ¢, and ¢, are flux linkages. w, is the rotor electrical
angular velocity.

The equation of the flux linkage stator can be described as follows

Pa i Ldfd + s @)
¥y = Lgig

where ¢ is the flux linkage.
The equation of the relationship between the surface-mounted PMSMs electromagnetic
torque T, and the stator current of the d, g — axis can be described as

3 . . 3 .
Te = 21yl ((Ld —Lg)ig+ lpf) = Enpzqtpf 3)

where 1y is pole pairs.
Furthermore, the mechanical dynamics equation of the PMSM can be written

as follows
dwyy,

J

where wy, is the rotor mechanical angular velocity, | is the inertia, T}, is the motors load
torque, By, is the motor viscous damping.
Taking T, into (4), we can obtain the following;:

_Bu SpYr

w(t) = w(t) + ip(t) — L (5)

Then, the equation of i-th PMSM can be expressed as
w;(t) = Pjw;(t) +Hiigi(t) + N;Tp; (6)

where ®; = — 210 < 0, H, = 910 5 o, N; = L <o,

To reflect the impact of parameter uncertainties and external load disturbances, the
system parameters are considered to deviate from their rated values. Equation (6) can be
reformulated as

https://doi.org/10.3390 /machines14080869


https://doi.org/10.3390/machines14080869

Machines 2026, 14, 869

40f21

Wi(t) = (i + AD;)w;(t) + Hyigi(t) + N;Tp; + ¢;

- . 7)
D;w;(t) + Hig i (t) + Z;(t)

where ®; is the nominal values of ®;, A®; denote the uncertainties, Z;(t) = A®;w;(t) +
N;T; + ¢;, The parameter ¢; denotes uncertainty from non-ideal transient control and
unmodeled dynamics. As such, Z;(t) is the part of the system attributed to this uncertainty.

2.2. Preliminaries

Lemma 1 ([4]). For x € Randy € R, existinga > 0,b > 0, and ¢ > 0, one has

ap, b a a+b —4 a+b
< b 8
P < el + e E ®
Lemma 2 ([16]). For Vb € R and Vb, € R, one has
m°© 1 d
biby < T|b1|C+M|bz\ )
where ¢ > 1,d > 1, and it satisfies (c —1)(d — 1) = 1.
Lemma 3 ([27]). For Va; € R and Va, > 0, one has
0< |a1] —ay tanh(%) < 0.2785a, (10)

Lemma 4 ([30]). For semi-positively determinable derivative function V (t), existing constants
71 > 0and T > 0, where the derivative satisfies the relationship V. < —1V + 1, one has

0< V() < (1-e ™) 2 4y (0)e a1
1
3. Controller Design and Stability Analysis
3.1. Ring-Coupled Control Strategy Design

In multi-PMSM systems with a ring-coupled configuration, the control strategy focuses
solely on the synchronization error between each motor’s real speed and the reference
synchronous speed. The corresponding control structure is depicted in Figure 1.

— Controller 1 PMSM | |—— )

Figure 1. Design of the Ring-coupled control structure of multi-PMSMs.

The definition of the speed tracking error is given by

Ciref(t) = wWi(t) — Wjrer(t) i=12,...,n (12)
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where ¢; ¢ (t) is the i-th PMSM tracking error, w;(t) is the speed of i-th PMSM, w; ¢ is the
expected speed of i-th PMSM. Assume that the expected speed is identical for all PMSMs;
it can be obtained as follows:

wl,ref(t) = wz,ref(t) == wn,ref(t> (13)

In order to maintain synchronous speed between all motors, the following conditions

must be met

wi(t) —wa(t) —my = = wj_1(t) —wi(t) —m;_4 (14)
= wj(t) —wi(t) —m; =0

where m; is speed synchronization error, and m; = 0 is required to be satisfied, so (14) can
be rewritten as

wi(t) = wy(t) = ... = wi1(t) = wi(t) (15)
Define the speed synchronization error ¢; ;1 as

S wi(t) — wigp1(8), i=12,...,n—1 (16)
v wi(t) —wi(t), i=n

Remark 1. The target of this work is to drive e; ;¢ (t) and e; ;1 (t) converge to 0. The controller
structure contains two parts: a speed tracking controller for accurately tracking the reference signal,
and a speed synchronization controller for coordinating the speeds of the PMSMs. Therefore, design
two parts of the controller for each PMSM to further ensure tracking and synchronization accuracy.

3.2. PMSMs Controller Design
Taking the time derivation of (12) yields

éi,ref(t) = wi(t) - c‘.)i,ref(t) (17)
Substituting (7) into (17), one has
éiref (t) = Diw;(t) +Hiig i(t) + Zi(t) — wyef(t) (18)

The tracking error variable E; .f(t) is extended and defined as follows:

t
Ei,ref(t) = ei,ref(t) +X1,i‘/0 ei,ref(t)dt (19)

where x1; > 0is designed parameter.
The derivation of (19) is

Ei,ref(t) = éi,ref(t) + Xl,iei,ref(t)

. . (20)
= wi(t) - wi,ref(t) + Xl,iei,ref(t)
Substituting (12) into (20), one has
Eirer(t) = ®ileiref(t) + Wipep(t)) +Hiigi(t)
+ Zz’(t) - wi,ref(t) + Xl,iei,ref(t) 1)

= (@; + x1,i)€irer(t) + Hiigi(t)+
cbiwi,ref(t) + Zi(t) - c‘.Ji,ref(t)
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To make E; ,, £(t) = 0, without consideration of torque load (Z;(t) = 0), the equivalent
equation can be achieved as

ii,ref(t> = (Hi)il((éi +X1,i)ei,ref(t)

_ ' (22)
+ q)iwref(t) - wref(t))
Design a part of controller A; .r1(t) as
/\i re t) = (P; + i)€irerf
, f,l( ) = (Di + x1,i)e;, f( ) (23)

+ cT)iwref<t) - wref(t>
In order to deal with the torque load, design another part of the controller A; . » (t) as

Aires2(t) = —(Kpg + AKpy)eirer(t)

t (24)
—(Kp1 + AKl,l)/O e ref (t)dt

where K;1 = x1,Kp1 and Kp; > 0 are design parameters, AK;; = x1,AKp; and AKp; are
adaptive parameters which will be constructed later.
Substituting Kj 1 and AKj; into (24), one has

Airef2(t) = —(Kp1 + AKp1)Eiref(t) (25)

Therefore, the total control amount of the speed tracking controller A; ,, f(t) is

Ai,ref(ﬂ = Ai,ref,l(t) + Ai,ref,2<t)
= (Cbz + Xl,i)ei,ref(t) + q_Diwref(t) (26)
—Wref(t) — (Kp1 + AKp1)Ejrer(t)

The derivation of e; ;11 (t) is
biiv1(t) = wi(t) — @iy () (27)
Substituting (7) into (27), one has

¢iiv1(t) = Diw;(t) + Hyigi(t) + Zi(t)

) , (28)
—(DPij1wip1(t) + Hipaigiva () + Zip1(t))
The tracking error variable E; ;1 (t) is extended and defined as follows:
t
Eijit1(t) = eiip1(t) + xa, /0 e;i1(t)dt (29)
where x,; > 0is designed parameter.
E;iii1(t) is derived as follows

Eii1(t) = €1 (t) + xai€iit1(t) (30)

= w;(t) — wip1(t) + xo€ii+1(t)

Substituting (16) and (28) into (30), it can be obtained that
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Eiit1(t) = wit) — wip1(t) + xoieiit1(t)
= Djw;(t) + Hiig,i(t) + Z;(t)

] 31)
+ X2,ii+1(t) = (Pipawita(t)
+ Hitaigiva(t) + Zipa(t))
Assumption ®; = ®; 1, H; ;11 = H; — H;11, (31) can be rewritten as
Eiina(t) = (@i + xoi)eiiva(t) (32)

+Hiijir1(t) + Ziip1(t)

where ij; 11 () = igi(t) —igit1(t), Ziiy1(t) = Zi(t) — Zip1(t) + Hijpaigira (t).
To make E; ;1 (t) = 0 without consideration of torque load (Z; ;1 (t) = 0), the equiva-
lent equation can be achieved as

i1 (8) = —(H) (P + xo,)eiia (1)) (33)

Design a part of controller A; ;11 1(t) as

Aiig11(t) = (Di + xoi)eiita () (34)

In a similar way, in order to deal with the torque load, design another part of controller
Aiit12(t) as

Aiir12(t) = — (Kpo 4+ AKpp)e; i1 (t)
t (35)
— (Kr2 + AKpp) /o ej i1 (t)dt

where KI,Z = XZ,iKP,Z and Kprg > 0 are design parameters, AK[,Z = XZ,iAKP,Z and AKP,Z are
adaptive parameters which will be constructed later.
Substituting Kj » and AKj, into (24), it can be obtained

Aijip12(t) = —(Kpa + AKp2)E; iy (1) (36)
Therefore, the control amount of synchronization controller A; ;11 (f) is

Ajig1(t) = Ajiv11(t) + Ajip1,2(£)

N (37)
= (®; + xzi)eii+1(t) — (Kpp + AKpp)E; i 1(t)

To reduce the communication pressure on the multi-PMSMs, an AETM is constructed as

, - E; mAi
iim(t) = — (1 + &) Aim tanh( I'W;, )
1
E, (38)
il m=ref,i+1

T2

ui,m(t) = {iim(t)/ vt € [tw/ tw-i—l]
Aii,m(t) = ii,m(t) - ui,m(t) (39)
tw+l = inf{t € RHAii,m(t)| > ‘;‘i,m ui,m(t)| + 191'}

where 0; > 0, 9; > 0 are design parameters. Ai; , () represents the measurement error.
The intermediate signal A,; ,, is

Aim = WinAim(t) (40)
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where pt; ,, = —Hlfl. Consider H; is unknown constant, using f; ,, to estimate y; ,,, and fi; ,,
represents the estimation error which fi; ,, = pt;  — fl; - Therefore, Zi,m can be rewritten as

Ain = PimAim(t) (41)

Remark 2. To reduce communication resource usage, an ETM (38) and (39) to reduce communi-
cation transmissions was established. In addition, an intermediate signal with an adaptive law is
designed for unknown uncertainties. The adaptivity of the proposed event-triggered mechanism is
reflected in the fact that the triggering threshold varies with the magnitude of the actual control
signal u; ,,(t). During transient operation when large control efforts are required, the threshold
increases to conserve communication resources; conversely, during steady-state operation, the thresh-
old decreases to ensure precise control. This self-adjusting behavior is achieved without changing
the constant design parameters.

From the equations of (38) and (39), it can be obtained

fim — ©i18;
Uim(t) = F——F=— 42
im () 1+ 0i28im “2)
where |@;1| <1, |0;,| < 1.
According to the equations of (38) and (42), one has

(1+§im)7‘im Eim;\im
E: u;, =—E: -~ 977 " tanh ’ ’
tm**i,m l,m(( 1 _._@irzéri/m ( 0; )))
(1+&im)Eim Oi,9;
2(1 - Ci,m)z(l + ®i,2§i,m) 1+ ®i,2(:i,m
< ’Ei,m(t)}‘i,m| - ’Ei,m(t))_ti,m’ (43)
- E; wAi
- Ei,m (t))Li,m tanh(%)
i
 E? Eim?i
2(1 — (:,'/m)z 1- gi,m
According to Lemma 2, one has
. 8,
Ein (8)4in (£) < Eip(£)Aim + 0.28750; + —- (44)
The total event trigger input is
ui(t) = tjpep(t) + i1 (t) (45)
The following Lyapunov function is constructed as
1 2 1 2 H ~2
Vi(t) :EEi,ref(t) + TlplAi,ref + Z?Iiﬂi,ref
1 1 H; (46)
2 52 ~2
+ 5B )+ T%Ai,iﬂ + Zpll- Hijiv1

where 9y, ¢3 and p; are positive parameter, A; ,or = Ajrof — Ajef, Aiii1 = Ajjiv1 — Ajja
are estimation errors, respectively. Ai,,e £ and Ai,i+1 represent the estimation value of Z;(t)
and Z;;;1(t), respectively. Ai,re ¢ and Ai,i+1 will be defined later.
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Computing the derivation of V;(t), one has

: . Airef ~
Vl(t) :Ei,ref(t)Ei,ref(t) - %Ai,ref

H; _ R .

- ZT;Vi,refPli,ref + Eiip1(t)Eiiy1(t) (47)
Aiq

A+ A

H; . .
ii+1 = — Hii+1Hii+
Ps3 Pi

Substituting u; ¢ (t) into Eire £(t), combined with Equation (44), one has

Ei,ref(t) :(&)i =+ al)ei,ref(t) + Hiui,ref<t>
+ CTDiwi,ref(” + Zi(t) - c"]i,ref(f)
=(@; +01)eref () + Airef
0.2785H;0;

1ref( ) wi,ref(t)

zﬂzref)\zref
H;8,
ZEi,ref(t)

=(D; +01)ejrer () — ((P; +01)ei ref (1)

+®iwref( ) — wref( )) — Hifi; ref)\z ref

+ + ci)iwi,ref<t) + Zi(t)

(48)

0.2785H;0;
— (Kp1+ AK i re 4
(Kpp P1)Eiref(t) + Erper (1)
H;9;?
+7+d>w Wyer(t) + Zi(t
2Ezref( ) ref( ) ref( ) ( )

By simplification, it can be obtained as follows

1ref( ) (KPl +AKP1) i,ref(t) +Zi(t)
b ns . 02785Hi0i  Hi8:? (49)
Hiref Ciref Ei,ref(t) 2Ei,ref (t)

In a similar way, substituting u;;,1(t) into E;;,1(t), combined with Equation (38),
one has
Eijiv1(t) < — (Kpa+ AKp2)Ejia (t) 4+ Zijya (£)
0.2785H;0; H;8; (50)
Eiita(t)  2E;ia(t)

— Hifiiip1Aiivn +
Substituting (49) and (50) into (47), one has

Vz(t) SEi,ref(t) (_(KP,l + AKP,l)Ei,ref(t) + Zi(t)
0.2785H;0; H;9>
Eires(t)  2E;ref(t)
+ Eiiv1(t)(—(Kpa + AKp2)E;iv1(t)
0.2785H;0;

)

— HiflirefAief +

+ Zii1(t) — Hifljipa A1 + —— (51)
Ez,l+1 (t>
Hil9i2 zref i . .
+ — A } ‘
2Ei,i+l(t)> gy ek T g HirefHires
Aiin1 - H .
- i/jzlAi’iH - {T.lﬂi,iﬂﬂi,iﬂ
1
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By simplification, one has
Vl(t) < - KP,lEiz,ref(t) - AKP,lEz'Zref(t)
+ Ei,ref(t) iref — H'Eiref( ),ﬂ refAl ref
— KppEfi 1 (t) — AKpoEZ 4 (1)
+ Eiiv1(H)Aiiv1 — HiEiyer (V)i i 141
_H A
0; ‘ulrefyzref ;brefAlref—FHﬂz
H; ~ A A 1
- Pflﬂi,iﬂﬂi,iﬂ zpl: Ajir1+0.557Hjo;
l (52)

< - KP,lEiz,ref(t) - AKP 1Ei21'ef(t)

+ Ei,ref(t)Ai,ref ;pref Azref KP2E11+1( )
— MKppEf () + Eiia(t) A

Aior ~
- %Aiﬂl +0.557H;0; + H;9;*
3
- Hi,ﬁi,ref(Ei,ref(t)Ai,ref + Piilﬁi,ref)
— Hiftiiv1(Eijiv1 (D Aiipr +0i i)
To guarantee V;(t) is bounded, constructing the controller parameters AKp;, AKp
and adaptive laws A; ¢, A; i1, fliref, flii+1 as follows

A’
AKp; = bref (53)
Ei,ref<t)Ai,ref +q
A2
AKpy = Lt (54)
zref() 11+1+q2
, E2 (1)A;
R R ref iref
Airer = —W0A; ror + 1 —22— (55)
bref bref Ei,ref(t)Ai,ref +4q1
£ " E2, (DA
Ajig1 = —Ajig + py— Y (56)
e e Eiit1(t)Aiit1+q2
.ﬁi,ref = _PiEi,ref(t)Ai,ref<t) - ki.ﬁi,ref (57)
flijic1 = —PiEijr1 () A i (8) — kifdi iz (58)

where g1 > 0, g2 > 0 are constant value.
Substituting Equations (53)—(58) into (52), one has

Vz(t) <- KP,lE%rgf(t) - Ei,ref(t)Ai,ref

A?
iref 2 5
- = Ef,. ¢ (t) + Eier(t)A;
Ei,ref(t)Ai,ref +q z,ref( ) 1,ref( ) el

Ai VefAi ref 5 )
B e E: (t) — KP,ZE‘ . (t)
Ei,ref(t)Ai,ref +q iref it
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+Eiir1(H) A+ ?ﬁi,refﬁi,ref

— Alzrjﬂ EZ ., (b)
Eijis1(D A +q2 "

E2 (DA i1 A

Eiiv1(H) A1+ g2

-+ H;0;

+ Eii1(H) A4 —

Hik; .

11)0 ¥2
+ " AIVEfAlT€f+ s

< = KBy 1) — e D Airr
< AL ref Ei,ref(t)Ai,ref—'_ql

Al 1+1A1 i+1

o Hk
+ %Ai,refAi,ﬂf + #Vi,rgf,ui,ref

2E;i i1 (DA i192

— KpaE2, (1) — =
(s Ejiv1(t)Aji1+q2

Hik;
+ lp Al z+1A1 i+1 =+ ,ul 1+1V1 i+1
¥3 pi

+ 0.557H;0; + H;8;>
The following inequalities is hold

Ei,ref (t)Ai,ref

= <1
Ei,ref(t)Ai,ref +q1

Eiiv1(t) A
Eii1(t)Aiiz1+q2

<1

According to Equations (60) and (61), one has

Vi(t) < — Kp,lEiz,mf(f) +2q1 + %Ai,ref/ii,ref

Hik; _
+ 0; Iﬂzrefﬂlref KP2E1 1+1( )

H;k;
+ lP A11+1A11+1 + ,ul z+1ﬂzl+1
¥3 Pi

+ 0.557H;0; + Hiﬁi + 2‘12

According to Lemma 1, it can be obtained as follows
S A L, 1o
HirefHiref < Eyi,ref - E:ui,ref
1
#11—&-1,141 i+1 > 2#1 i+1 2#1’ i+1
SO 1
Ai,refAi,ref S Aj ref Az ref

1.

Azz+1Az i+1 < 2A11+1 2Alz+1

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)
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Based on Equations (62)—(66), one has

. Hik; 1 1_
Vz(t) <- KP,lE%ref( ) + qu +— 0; (zl/llzref - E.uzz,ref)
i

0 14
il ( A; ref - EAiz,ref) - KP,ZEZZ,i-‘rl(t)

ki1 1 .
( 14121+1 21412,i+1)+Hi19i (67)

l/J2
1P3 (2Al i+1

<=7 V() + 72

Az z+1) + 0.557H;o;

Po 1[12 Hk

where ;1 = min{ZKp 1,2Kp2,% = 2q1 +2q2 + 2p ]41 ref + 2,01 sz,iﬂ +
Yo 42 P2 42
29 Airer +2 2A”+1+0557H01+H19

3.3. System Stability Analysis

Theorem 1. For multi-PMSMSs with uncertainty and nonlinearity, by constructing virtual con-
trollers (26) and (37), adaptive control law (55)—(58), and event-triggered mechanism (38) and (39),
one has

(1) All system signals are guaranteed to be bounded.
(2)  Zeno behavior will not occur.

Proof. The total Lyapunov function can be constructed as
V() =} Vi(t) (68)
Based on Equation (67), one has

V() < = V() + 72 (69)

where y1 = {7;1,i=1,2,...,n}, 72 = Z%z

According to Lemma 4, the followmg equation can be obtained
0< V()< (1- e_”“t)% +V(0)e ! (70)
Equation (70) can be converted as follows
0< V() < (V(O) - ”)ew 2 (71)
T T

From the definition of V(t), it follows that all errors E;.¢(t), E;ir1(t), e; ,Ef( ), eiit1(t),
ﬁi,ref/ ,ﬂi,i+l/ irefr 11+1 arebounded fori = 1,2,.. ., n. Because of Hi ref/ Hii+1, 1refr 11+1 are

bounded variables, then ; ref = Migef — Hipefs i+l = Hiji+1 — ,ut z+1/ iref = Aj ref — Aj refrs
Ajiv1 = Ajir1 — A, Ji+1, it can be obtained that fl; rer, fliiv1, Airef, ”H are all bounded.

Additionally, based on the definition of A;.f(t) and A;;1(t), it can be deduced that
Airef(t) and A;;y1(t) are bounded. Therefore, boundedness of all signals in the system
is guaranteed. [

Proof. Based on (39), the derivative of Ai; ,, (¢) fulfills:

L1815 (8)) < i (8)] < U5 () 7
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where u; ,,(t) is the upper boundary of |i; ,,(t)|.
Considering that 1irtn Aij rer(t) = fi,,ef(t) — Ujref(t) and Aij ¢ (tw) = 0, one has
w+1

to—
. d. . gi,m ui,ref(t) +9;
im  — A, (0] >
to—rtyi dt ’ For1 — tw (73)
I/
o tw+1 - tw
Further, it can be described as
0;
b1 —tw 2 = >0 (74)
ui,m(t)

Thus, it can be concluded that a minimal triggered time = % _ exists to make sure
Uim

that Zeno Behavior will not occur. In addition to this, increasing the design parameter ¢;
prolongs the minimal triggered time. Then, by increasing 9;, the communication resources
can be saved. [

The proof of the theorem is completed. By the proposed adaptive event-triggered
ring-coupled nonlinear adaptive PI control method, it follows that the multi-PMSMs with
uncertainties and nonlinearities are capable of convergence.

4. Simulation
4.1. Simulation Example

In this section, four PMSMs are combined to form a multi-PMSM. Simulation experi-
ments were carried out to validate the effectiveness of the proposed control strategy. The
model of the i-th PMSM is given as follows

B i) 31 (i) Pr(i) . Ty
(1) + 2 () — = (75
Ji wilt) 2]; igi(t) Ji )

The developed adaptive event-triggered ring-coupled nonlinear adaptive PI control

wi(t) = —

method is given as follows

Ai,ref(t) :(Cbi + Xl,i)ei,ref(t) + q_Diwref(t)

(76)
— Wrep(t) — (Kp + AKp1)Ej ref (1)
Aijipa () =(P; + xoi)eiiv1(t) 77)
— (Kpp 4+ AKpp)E; ;11 (t)
. = EimAi
li,m(t) = (1 + (’:i,m)(}\i,m tanh(%)
E. : (78)
+ —"—) m=ref,i+1
2(1 - éi,m)

Uim(t) = lTiLm(t)/Vt € [tw, twi]
Aij () = T (t) — Ui () (79)
twi1 = inf{t € R[[Adj ()] > Gim|thim (t)] + 0}
Aiz,ref

- (80)
Ei,ref<t) Ai,ref + q1

AKpp =
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A2,
AKp, = Uina (81)
Eirer(t)Aijiv1 + 92
. E? . (DA;
R R ref iref
Airer = — P04 ror + P —22— (82)
bref bref Ei,ref(t)Ai,ref + 0
5 . E% (DA
A1 =~ + s —H Y (83)
" v Eii1(t)Aji1+q2
.ﬁi,ref = _PiEi,ref(t)Ai,ref(t) - ki.ﬁi,n’f (84)
fliiv1 = —piEiiv1 (B i1 (F) — kifdi i (85)

The parameters of the i-th PMSM are given in Table 1. The parameters of the proposed
control method are listed in Table 2.

Table 1. Multi-PMSMs parameters [32].

Variable PMSM1 PMSM2 PMSM3 PMSM4
Rs [Q] 2.890 2.875 2.880 2.880
Ly [H] 0.0015 0.0015 0.0015 0.0015
L, [H] 0.0015 0.0015 0.0015 0.0015

", 4 4 4 4
By, [N'm-s] 0.001 0.002 0.0015 0.001

] [kg-m?] 2.00 2.00 2.05 2.10

¥ [Wb] 0.66 0.67 0.64 0.66

P, [kW] 150 150 150 150
I, [kW] 300 300 300 300

Table 2. The controller parameters of Examples.

(i)i = 0.005, Xil = 0.048, KP,] =251,
Xip = 0.06, Kp/z =262, q1 = 870'0021&,
0 = e~ 0001 Yo =1 =008,y =02,
3 = 0.15, p; = 0.002, k; = 3.5

Eiref = 0.0002, 8; = 0.001, 0; = 0.3,
Gii+1 = 0.001

The parameters of controllers

The parameter of event-triggered mechanism

To verify the start-up performance of the multi-PMSMs during operation, the expected
speed of four PMSMs is selected to be 500 r/min, initial torque is chosen as 500 N-m.
Figure 2 shows the results of the simulation.

According to Figure 2, the proposed control method can stabilize the speed of the
electric motor effectively. Figure 2a displays the speed of PMSMSs, which shows an ideal
start-up performance in which PMSMs can reach the expected speed within 1 s. Figure 2b
shows the torque of PMSMs. The electromagnetic torque of the PMSMs rises rapidly and
then drops sharply to 500 N-m. Figure 2¢,d present the tracking error and synchronization
error of each PMSM, respectively. All errors converge to =1 r/min in 1 s; it is obvious
that PMSMs track the expected speed quickly and have excellent synchronization char-
acteristics. Figure 2e,f depict the system input i; s, f, 7; ;11 and event-triggered input u; ¢,
u; i1, respectively. The triggering instants are presented in Figure 2g h, which show that
the maximum triggering intervals from PMSM1 to PMSM4 are 0.06 s, 0.16 s, 0.07 s and
0.08 s, respectively. Table 3 displays the triggered times of the ETM and the TTM, as the
total triggered numbers are 126,390 and 1,600,000, respectively; 92.1% of communication
resources can be saved by the proposed AETM.
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Figure 2. The simulation results of Example 1.
Table 3. The times of the event-triggered and the time-triggered mechanism in Example 1.
Mechanism PMSM1 PMSM2 PMSM3 PMSM4 Total

Event-triggered Mechanism 31,418 31,702 34,045 29,225 126,390
Time-triggered Mechanism 400,000 400,000 400,000 400,000 1,600,000
Rate 92.1% 92.1% 91.5% 92.7% 92.1%

To evaluate the speed control performance of the multi-PMSMs, the expected speed
of four PMSMs is initially set to 500 r/min at 0 s. Subsequently, the speed is increased to
700 r/min at 5 s, and then reduce to 600 r/min at 10 s. The initial load torque is selected as
500 N-m. Figure 3 presents the simulation results.
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Figure 3. The simulation results of Example 2.

Figure 3 effectively shows excellent speed control capabilities of PMSMs with the
proposed control strategy. Figure 3a exhibits the speed of PMSMSs, which indicates the
motor’s excellent regulation capability. The speed of PMSMs can be adjusted at 5 s and 10's,
respectively, and the PMSMs can quickly reach the desired speed within 0.6 s. Figure 3b
provides the electromagnetic torque of PMSMs. When the desired speed of PMSMs changes,
their electromagnetic torque also changes, thereby accelerating the tracking of the speed.
When the actual speed attains the desired speed, the electromagnetic torque returns to a
normal value. Figure 3c,d present the tracking error and synchronization error of each
PMSM, respectively. The tracking error and synchronization error quickly converge to
£1 r/min within 0.6 s after speed changes; it is clear that the PMSM can quickly reach
the expected speed and has superior synchronization characteristics. Figure 3e,f depict
the system input i; f, i;;+1 and the event-triggered input u; ,.f, ;; 11, respectively. The
triggered time intervals are displayed in Figure 3g,h. This shows that the longest triggered
time intervals from PMSM1 to PMSM4 are 0.05 s, 0.11 s, 0.07 s and 0.07 s, respectively.
Table 4 displays the triggered times of the event-triggered and the time-triggered mecha-
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nism, as the total triggered numbers are 271,141 and 1,600,000, respectively. The proposed
event-triggered mechanism can save 83.1% of communication resources.

Table 4. The times of the event-triggered and the time-triggered mechanism in Example 2.

Mechanism PMSM1 PMSM2 PMSM3 PMSM4 Total
Event-triggered Mechanism 67,221 71,724 69,357 62,839 271,141
Time-triggered Mechanism 400,000 400,000 400,000 400,000 1,600,000
Rate 83.2% 82.1% 82.7% 84.2% 83.1%

To verify the system’s disturbance rejection capability through anti-interference ex-

periments. Set the expected speed to 500 r/min at 0 s, and increase the expected speed to
900 r/min at5s. At 15s, add a 50 N-m load disturbance to test the system’s interference
resistance. Figure 4 shows the results of the simulation and Figure 5 shows the adaptive

parameters of Example 3.
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Figure 4. The simulation results of Example 3.
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According to Figures 4 and 5, the proposed control method can stabilize the speed
of the electric motor effectively. Figure 4a displays the speed of PMSMs. When the speed
of PMSM:s is regulated, it can quickly follow the desired speed. When a load disturbance
is introduced at 15 s, the PMSMs can rapidly recover stability within 0.4 s while facing
the load disturbance, displaying strong anti-interference capabilities. Figure 4b shows
the electromagnetic torque of the PMSMs, and the electromagnetic torque of the PMSMs
increases slightly after being disturbed and returns to normal when the motor speed
stabilizes. Figure 4c,d present the tracking error and synchronization error of each PMSM,
respectively. The tracking error converges to around 0.1 r/min after 0.4 s after being
disturbed. The synchronization error converges rapidly within 0.2 s. Figure 4e,f present
the system input i; ., i; ;1 and event-triggered input u; ., 1; ;11, respectively. Figure 4g h
show the triggered time intervals, which depict that the maximal triggered time intervals
from PMSM1 to PMSM4 are 0.05 s, 0.1 s, 0.07 s and 0.07 s, respectively. Table 5 presents
the triggered times of the event-triggered and the time-triggered mechanism, with the
respective total trigger numbers being 126,390 and 1,600,000. The proposed event-triggered
mechanism can save 92.1% of communication resources. Figure 5 shows the adaptive
parameters in Example 3. From Figure 5a—d, it can be seen that the adaptive parameters
remain within a certain range and evolve reasonably, achieving good results.

Table 5. The times of the event-triggered and the time-triggered mechanism in Example 3.

Mechanism PMSM1 PMSM2 PMSM3 PMSM4 Total

Event-triggered Mechanism 52,218 57,810 58,752 50,995 219,775
Time-triggered Mechanism 400,000 400,000 400,000 400,000 1,600,000
Rate 86.9% 85.5% 85.3% 87.3% 86.3%

L ! - -
(
(a) Adaptive parameters of A, £,is (b) Adaptive parameters of Ai,i-s—l ;
N _—
) ,
| \
(c) Adaptive parameters of /1, s (d) Adaptive parameters of fI;;1;

Figure 5. The Adaptive parameters of Example 3.

4.2. Comparison with Related Works

The related work comparisons are shown in Table 6. Compared with the time-triggered
ring-coupled ADRC scheme in [32] and the time-triggered master-slave PID scheme in [33],
the proposed method adopts an adaptive event-triggered strategy that dynamically adjusts
the triggering threshold according to the real-time control signal magnitude, thereby sub-
stantially reducing unnecessary signal transmissions while preserving comparable control

https://doi.org/10.3390 /machines14080869


https://doi.org/10.3390/machines14080869

Machines 2026, 14, 869

19 of 21

accuracy. In contrast to [34], where a sliding mode control with an event-triggered mecha-
nism is applied to a single PMSM, the proposed adaptive PI control avoids the chattering
phenomenon inherent in SMC and extends the coordination capability to a four-PMSM
ring-coupled system. Compared with [35], although both methods employ event-triggered
strategies for four-PMSM systems, the proposed AET mechanism further incorporates
adaptive threshold regulation based on the instantaneous control effort, achieving higher
communication efficiency, while the integration of nonlinear adaptive PI with ring-coupled
compensation provides stronger robustness against mismatched load disturbances and
parameter uncertainties. Overall, the proposed method uniquely combines adaptive PI
regulation, ring-coupled synchronization, and adaptive event-triggered communication
within a unified framework, offering a favorable balance among tracking accuracy, syn-
chronization performance, disturbance robustness, and communication efficiency. Three
examples and are set up to prove that the proposed method can effectively start and speed
control motors. Furthermore, this control strategy performs excellently in the face of load
disturbance interference by comparing with related works.

Table 6. Comparison with related works.

Scheme Control Method Triggered Strategy Number of PMSMs

In [23] ADRC + RCC TT 3

In [33] PID + MSC TT 2

In [34] SMC ET 1

In [35] FTC + CFC ET 4
Proposed Adaptive PI + RCC AET 4

ET = Event-Triggered, TT = Time-Triggered, AET = Adaptive Event-Triggered, RCC = Ring-Coupled con-
trol, ADRC = Active Disturbance Rejection Control, MSC = Master-Slave Control, FTC = fixed-time control,
CFC = Command-Filtered Control.

5. Conclusions

A novel ring-coupled coordinated control strategy for multi-PMSMs is established
based on nonlinear adaptive PI control with an event-triggered mechanism. To address
unknown disturbances in multi-PMSMs, a nonlinear adaptive PI control was constructed.
Additionally, an adaptive event-triggered mechanism was developed to reduce unnecessary
communication, and Zeno behavior is successfully eliminated. The proposed adaptive
PI control method based on event-triggering strategies effectively tracks the speed and
ensures synchronous control in the presence of unknown interference. Eventually, the
control method’s effectiveness is confirmed through simulations. In the future, the author
will focus on the control of PMSMs when dealing with actuator failure issues.
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