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Fixed-Time Consensus Protocols of Multiagent
Systems Based Speed Coordinated Control for
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Abstract—The speed coordinated control methods for multiple
permanent magnet synchronous motors (multi-PMSMs) based on
the consensus of multiagent systems (MASs) are proposed, which
provide a new idea to achieve speed coordinated control of multimo-
tors using artificial intelligence. First, the vector control system of
individual motor is regarded as an agent, which can interact with
its neighbors for information exchange based on the undirected
communication network, and the speed coordinated control prob-
lem is transformed into the consensus control problem of MASs.
A basic fixed-time consensus protocol (FTCP) is proposed and
analyzed in this article. However, the limitation of FTCP lies in
its non-smoothness, which makes the system prone to chattering
problems. Therefore, a smooth improved fixed-time consensus pro-
tocol (IFTCP) is designed, which does not contain the sign function.
Second, the supertwisting extended state observer is employed to
estimate the disturbances in the system and perform feed-forward
compensation into the consensus protocol, thereby obtaining the
desired q-axis current. Then, a fixed-time complementary sliding
mode control current controller is designed to track the q-axis
reference current. Finally, the two proposed methods are compared
with the deviation coupling control method on the experimental
platform to verify the effectiveness and feasibility. The experi-
mental results show that both the FTCP and IFTCP methods
exhibit excellent tracking performance and enhanced robustness,
the IFTCP method can better suppress the chattering phenomenon
of the system.

Index Terms—Fixed-time consensus, multiagent system (MAS),
multiple permanent magnet synchronous motors (multi-PMSMs),
vector control.

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSMs) play
an essential role in various drive systems due to their
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high efficiency, high power density, and small volume [1], [2],
[3]. In the industrial field, the traditional PI control method
of PMSM vector control system has been widely applied due
to its prominent advantages such as simple structure and ease
of engineering implementation. However, with the continuous
development of modern industry, using new technologies and
methods to further improve the synchronization performance
and anti-interference capability of multi-PMSMs speed regula-
tion systems has clear engineering application value for some
modern precision machining industries [4], [5].

Traditional multimotor speed coordinated control systems
include master-slave control, cross-coupling control (CCC), and
deviation coupling control (DCC). The master-slave control
strategy has a simple control structure, but disturbances can
propagate to the slave motors, leading to chattering in the slave
motors [6]. Therefore, the concept of the CCC strategy is pro-
posed. Reference [7] designs a CCC strategy based on improved
sliding mode control, effectively addressing the issues of large
chattering and significant tracking errors in the control system.
However, when the control method is extended to more than two
motors, it significantly affects the synchronization performance
of the motors. Therefore, the DCC control strategy is proposed.
Li et al. [8] introduced a mean deviation coupling synchroniza-
tion control strategy, which can enhance the synchronization
control precision of multimotor control systems.

In recent years, the synchronization control of multiagent
systems (MASs) has been widely applied in drone formations
[9], power systems [10], and multirobot systems [11] due to its
advantages of flexibility, reliability, and strong self-organization
capabilities. Consensus control is the key challenging problem in
the cooperative control of MAS. It requires that all agents update
their own states according to the consensus protocol and achieve
consensus. Therefore, there is an inherent commonality between
the consensus control of MASs and the cooperative control of
multi-PMSMs. Each motor system can be regarded as an agent,
and graph theory can be employed to depict communication
among agents. By introducing the concept of consensus into the
multimotor speed coordinated control system, the superior syn-
chronization ability of MASs can be leveraged to achieve speed
synchronization control. This provides a novel approach for
addressing the multimotor speed coordinated control problem.
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The convergence rate is an extremely important performance
metric for speed coordinated control. Based on the convergence
time of systems, it can be categorized into various types, such
as asymptotic consensus, finite-time consensus, and fixed-time
consensus [12]. Meng et al. [13] introduce an asymptotic ex-
ponential consensus to ensure that the consensus error asymp-
totically converges to zero for handling MASs with uncer-
tain agent dynamics. Finite-time consensus, as compared to
asymptotic exponential consensus, exhibits a faster convergence
rate, superior disturbance rejection characteristics, and stronger
robustness against external uncertainties [14]. Finite-time con-
vergence implies that an MAS reaches the desired consensus
or synchronization state within a finite amount of time. This
is typically applicable to applications that require a system to
rapidly converge to a consensus state within a specified time
frame [15]. Zou et al. [16] investigates the finite-time consensus
problem of nonlinear MASs under distributed protocols. It is
noteworthy that the estimated bound of convergence time of
finite-time consensus protocols is associated with the initial
states of agents, which may limit some applications [17]. There-
fore, the theory of fixed-time stability has emerged to address
this issue. Fixed-time consensus requires that a system reaches
a consensus synchronization state within a predetermined fixed
time, regardless of the initial state of the system. Fixed-time con-
sensus of MASs is typically applicable to applications with strict
performance and robustness requirements, such as formation
control of aircraft [18], and synchronization in satellite networks
[19]. In [20], a nonsingular terminal sliding mode consensus
protocol is developed to accomplish the fixed-time consensus
tracking. The proposed control protocol achieves fixed-time
convergence of the tracking error to the origin, and the system
performance surpasses that of finite-time consensus protocols.

The current loop controller also determines the control perfor-
mance of the multimotor speed regulation system. Traditionally,
sliding mode control (SMC) is used to replace the conventional
PI control in the current loop to enhance the system’s robust-
ness. However, the high switching gain in SMC can easily lead
to chattering phenomena [21]. Therefore, this article proposes
fixed-time complementary sliding mode control (FTCSMC) to
effectively reduce chattering and improve the system’s control
accuracy. Compared to traditional SMC, CSMC can ensure that
the motor’s speed/position error is reduced by at least 50%
[22]. Liu et al. [23] proposes a CSMC based on an interference
observer, which endows the entire PMSM control system with
excellent capabilities for suppressing chattering and ensuring
tracking performance.

Therefore, in response to the complex issues of traditional
multimotor coordination control, this article proposes a multi-
PMSMs speed coordinated control method based on MAS
consistency that replaces the coupling control strategy. Based
on an undirected communication topology, the multi-PMSMs
speed coordinated control system is considered as the MAS.
A basic nonsmooth fixed-time consensus protocol is proposed,
which leverages the distributed and coordinated characteristics
of MASs to achieve multimotor speed coordinated control. To
further suppress oscillations and improve system performance,
a smooth improved fixed-time consensus protocol is designed

based on FTCP. Then, the supertwisting extended state observer
is used to estimate and compensate for unknown lumped distur-
bances in the consistency protocol to obtain the desired q-axis
current. A fixed-time complementary sliding mode controller
is then designed to regulate the q-axis current and enhance the
system’s robustness. Compared to traditional coupling control
methods, the approach in this article uses MAS consistency
control to effectively improves the system’s dynamic and steady-
state performance, while simplifying and making the system
structure more flexible. Finally, experimental comparisons with
deviation-coupling control demonstrate the feasibility and ef-
fectiveness of the proposed method, showing that the proposed
IFTCP method is better at suppressing oscillation issues.

The rest of this article is organized as follows. Section Ⅱ
presents the dynamic model of the multi-PMSMs system, and
some used lemmas are given. In Section Ⅲ, two fixed-time
consensus protocols are designed based on disturbance ob-
servers. Additionally, the FTCSMC current loop controller is
designed, and the stability of both the protocols and the current
loop is analyzed using the Lyapunov function. In Section IV,
comparative experimental verifications and other confirmatory
experiments are carried out, and the results are analyzed. Finally,
Section Ⅴ concludes this article.

II. SYSTEM MODELING AND PRELIMINARY KNOWLEDGE

A. Mathematical Models for Multi-PMSMs

This article studies multi-PMSMs systems based on surface-
mounted PMSM, whose dq-axis inductances are equal. The
mathematical model of the ith (i = 1, 2, …, N) PMSM in the dq
reference frame is described as follows:⎧⎪⎨

⎪⎩
ω̇i = −Bi

Ji
ωi − 1

Ji
TL,i +

1.5npψi
Ji

iq,i

i̇d,i = −Ri
Li
id,i + npωiiq,i +

1
Li
ud,i

i̇q,i = −npωiid,i − Ri
Li
iq,i − ψi

Li
npωi +

1
Li
uq,i

(1)

where ωi represents the rotational mechanical speed; ψi is the
permanent magnet flux chain; np is the number of pole pairs; Li
is the dq-axis inductance; Bi represents the friction coefficient;
TL,i represents the load torque; Ji represents the rotor inertia;
ud,i, uq,i, id,i, iq,i are the dq-axis voltages and dq-axis currents;
andRi represents the stator resistance.

B. Problem Formulation

The multi-PMSMs system is considered a first-order MAS
with disturbances. We investigate the speed synchronization
issues of multi-PMSMs systems based on the first equation
of (1). Then, based on the PMSM vector control strategy with
id = 0, the current controller based on the second equation of
(1) is designed to implement the desired d-axis current.

Regarding the speed synchronization problem, the dynamic
of the multi-PMSMs system can be described as follows:{

ω̇i = ϑiui + fi
ω̇0 = u0

(2)

where i = 1, 2, · · · , N , ϑi = 3npψi/2Ji, ϑi is the control co-
efficient of the PMSM; ui is the control input of the PMSM,
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which is the iq,i∗; fi = −(TL,i +Biωi)/Ji; ω0 is the rotational
speed of the leader; u0 is the control input of the leader. This
article adopts a static leader, so u0 = 0. The consensus error can
be defined as

ei = ωi − ω0. (3)

C. Definitions and Important Lemmas

Definition 1: The multi-PMSMs system is said to be fixed
time consensus if, ∀ωi(0) and ∀i = 1, 2, . . . , n, there exists a
settling time T (ωi(0)) ∈ [0,∞) such that{

limt→Tmax
|ωi − ω0| = 0

ωi(t) = ω0(t), ∀t > Tmax

where Tmax is irrelevant to the initial state.
Lemma 1 [24]: Suppose V (·) : Rn → R+ ∪ {0} is a con-

tinuous radially unbounded function, and the following two
conditions hold{

(i)V (x) = 0 ⇔ x = 0
(ii)∀x,The following inequality holds

�
V (x) ≤ −aV ξ(x)− bV η(x) a, b > 0, 0 < ξ < 1, η > 1.

In that case, the equilibrium point ofV (x) is fixed-time stable,
and

Tmax
Δ
=

1

a(1− ξ)
+

1

b(η − 1)
(4)

�
V (x) ≤ − aV ξ(x)− bV η(x)− cV (x) a, b, c > 0,

0 < ξ < 1, η > 1.

In that case, the equilibrium point ofV (x) is fixed-time stable,
and

Tmax
Δ
=

1

c(1− ξ)
ln
(
1 +

c

a

)
+

1

c(η − 1)
ln
(
1 +

c

b

)
. (5)

Lemma 2 [25]: For ∀Λi ∈ R, 0 < μ < 1 and υ > 1, the
following inequality holds

N∑
i=1

|Λi|μ ≥
(

N∑
i=1

|Λi|
)μ

N∑
i=1

|Λi|υ ≥ N1−υ
(

N∑
i=1

|Λi|
)υ

. (6)

Lemma 3 [26]: Let L(A) = [lij ] ∈ RN×N denote the graph
Laplacian of G(A), which is defined by

lij =

{∑N
k=1,k �=i aik i = j

−aij i �= j
. (7)

L(A) has the following properties.
1) 0 is an eigenvalue of L(A) and 1N is the associated

eigenvector.

2) xTL(A)x =
[∑N

i=1

∑N
j=1 aij(xj − xi)

2
]
/2, and the

semi-positive definiteness of L(A) implies that all eigen-
values of L(A) are real and non-negative.

3) IfG is connected, the second smallest eigenvalue ofL(A),
which is denoted by λ2(L(A)) and called the algebraic
connectivity of G(A), is larger than zero.

The algebraic connectivity of G(A) is equal to
minx �=0,1TNx=0x

TL(A)x/xTx, and therefore, if 1TNx = 0,

then xTL(A)x ≥ λ2(L(A))x
Tx.

Lemma 4 [27]: If there exists a continuous radially un-
bounded function V (·) : Rn → R+ ∪ {0} such that

1) V (x) = 0 ⇔ x = 0.

2) Any solution x(t) satisfies the inequality
�
V (x) ≤

−h̄1V 1+ 1
2λ (x)− h̄2V

1− 1
2λ (x) for some h̄1, h̄2 > 0;λ >

1; then the origin is globally fixed-time stable and the
following estimate of the settling time function holds
Tmax = πλ/

√
h̄1h̄2.

Assumption 1: Assuming that the comprehensive distur-
bance fi of system (2) and the estimated value f̂i of the
STESO for the disturbance are both considered as Lipschitz
continuous functions f(t, x), the following inequality holds
|f(t, x)− f(t, x′)| ≤ ρ|x− x′|;∀x, x′ ∈ R; Where ρ ≥ 0.

D. Graph Theory

G(A) = (V,E,A) is defined as an undirected graph,V (G) =
{v1, v2, . . . , vN} as a node set, and E(G) ⊆ V × V as an edge
set. Edge (vj , vi) ∈ Emeans that the node vi can obtain the state
of node vj .G(A) is an undirected graph, then (vj , vi) ∈ E ⇔
(vi, vj) ∈ E. If the adjacency matrix is A = [aij ] ∈ RN×N ,
aij > 0 ⇔ (j, i) ∈ E, otherwise it is aij = 0, and there is aii =
0. Laplace matrix of G(A) is defined as L = D −A where
D = diag(d1, d2, · · · dn) with di =

∑
j∈Ni aij . Define matrix

M = diag(m10,m20, · · ·mn0) as the connection relationship
between leaders and followers. If the leader can send informa-
tion to vi, then mi0 > 0; otherwise, mi0 = 0. It is stipulated
that followers cannot send information to the leader, while a
symmetric positive definite matrix H = L+M is defined.

III. MAIN DESIGN CONTENT

This article proposes the following two cooperative speed
control schemes for multi-PMSMs. The two designed distributed
protocols ui replace the traditional speed loop controllers, en-
suring the system converge to consensus within a fixed time.
STESO is used to estimate the disturbances fi and compensate
for the estimated values f̂i in the control protocol. Then, current
loop controllers with the same structure are designed for each
PMSM speed control system. The principle block diagram of
the multi-PMSMs speed coordinated control system is shown in
Fig. 1.

A. Fixed-Time Consensus Protocol (FTCP)

The FTCP is given by

ui =
1

ϑi[
−k1

∑N
j=1 aijsig(xi− xj)

2−αβ − k2
∑N
j=1 aijsig(xi − xj)

α
β

−k3
∑N
j=1 aijsign(xi− xj)− k3mi0sign(xi − x0)− f̂i

]

(8)
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Fig. 1. Schematic diagram of multi-PMSMs control method.

where k1, k2, k3 are positive control gains;α, β are all controller
gains, and they satisfy0 < α < β. Wherexirepresents the actual
rotational speed of the PMSMs ωi.

Theorem 1: In an undirected connected multiagent network,
under the influence of consensus protocol (8), for any solution
satisfying conditions on

�
V (x) ≤ −aV ξ(x)− bV η(x) a, b > 0, 0 < ξ < 1, η > 1

the agents can reach a consensus state within a fixed time, and
the upper bound of the time to reach consensus is satisfied. The
multi-PMSM system (1) can achieve speed coordinated control
within a fixed time T1max

T1max
Δ
=

1

a(1− ξ)
+

1

b(η − 1)
.

Proof: According to (2), (3), the error equation of the system
is as follows:

ėi = ω̇i − ω̇0

= −k1
N∑
j=1

aijsig(xi − xj)
2−αβ − k2

N∑
j=1

aijsig(xi − xj)
α
β

−k3
N∑
j=1

aijsign(xi−xj)−k3mi0sign(xi−x0) + (fi − f̂i).

(9)

Choose V1 = 1
2

∑N
i=1 ei

2(t) as the Lyapunov function

candidate,fi = f̂i. The derivative of V1 along trajectories (9)
can be calculated as

V̇1 =
N∑
i=1

ei(t) · ėi(t)

= − k1

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aijsig(xi − xj)
2−αβ

⎤
⎦

− k2

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aijsig(xi − xj)
α
β

⎤
⎦

− k3

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aijsign(xi − xj)

⎤
⎦

− k3

N∑
i=1

ei(t)mi0sign(xi − x0)

= − k1
2

N∑
i=1

N∑
j=1

aij |ei − ej |3−
α
β

− k2
2

N∑
i=1

N∑
j=1

aij |ei − ej |1+
α
β

− k3
2

N∑
i=1

N∑
j=1

aij |ei − ej | − k3

N∑
i=1

mi0 |ei|. (10)

According to Lemma 3, if 0 < α < β, then (3β − α)/2β >
1, 0 < (α+ β)/2β < 1. The following inequalities can be ob-
tained as

− k1
2

N∑
i=1

N∑
j=1

aij |ei − ej |3−
α
β − k2

2

N∑
i=1

N∑
j=1

aij |ei − ej |1+
α
β

= −k1
2

N∑
i=1

N∑
j=1

[
aij

2β
3β−α (ei − ej)

2
] 3β−α

2β

− k2
2

N∑
i=1

N∑
j=1

[
aij

2β
α+β (ei − ej)

2
]α+β

2β

≤ −k1
2
N

α−β
2β

⎧⎨
⎩

N∑
i=1

N∑
j=1

[
aij

2β
3β−α (ei − ej)

2
]⎫⎬
⎭

3β−α
2β

− k2
2

⎧⎨
⎩

N∑
i=1

N∑
j=1

[
aij

2β
α+β (ei − ej)

2
]⎫⎬
⎭

α+β
2β

. (11)
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According to Lemma 4, defining pij
Δ
= aij

2β
3β−α , P =

[pij ]N×N ; qij
Δ
= aij

2β
α+β ,Q = [qij ]N×N ; the following inequal-

ities and equation can be obtained as

N∑
i=1

N∑
j=1

aij
2β

3β−α (ei−ej)2=
N∑
i=1

N∑
j=1

pij(ei−ej)2=2eTL(P )e

(12)

N∑
i=1

N∑
j=1

aij
2β
α+β (ei−ej)2=

N∑
i=1

N∑
j=1

qij(ei−ej)2=2eTL(Q)e

(13)

k3

N∑
i=1

N∑
j=1

aij |ei − ej |+ 2k3

N∑
i=1

mi0 |ei| ≥ 2k3
(
λHmin

) 1
2V1

1
2 .

(14)

Combining (10)–(14), one has

V̇1 ≤ − k1
2
N

α−β
2β 2

3β−α
β λ2[L (P )]

3β−α
2β V1

3β−α
2β

− k2
2
2
α+β
β λ2[L (Q)]

β+α
2β V1

β+a
2β . (15)

Defining ξ1 = (α+ β)/2β; η1 = (3β − α)/2β; a1 = k2
2

2
α+β
β λ2[L(Q)]

β+α
2β ; b1 = k1

2 N
α−β
2β 2

3β−α
β λ2[L(P )]

3β−α
2β ; the fol-

lowing inequalities can be obtained as

V̇1 ≤ −a1V1ξ1 − b1V1
η1 . (16)

According to Lemma 1, the system converges within a fixed
time, and the setting time can be obtained as

T1max
Δ
=

1

a1(1− ξ1)
+

1

b1(η1 − 1)
. (17)

B. Improved Fixed-Time Consensus Protocol (IFTCP)

Because control protocol (8) contains sign functions, it tends
to cause chattering in practical control applications. Therefore,
in this section, a smooth IFTCP ui is designed based on the
FTCP to suppress the occurrence of chattering.

The IFTCP is given by

ui =

1

ϑi

[
−k1

∑N
j=1 aij(xi − xj)

2−αβ − k2
∑N
j=1 aij(xi − xj)

α
β

−k3
∑N
j=1 aij(xi − xj)− k3mi0(xi − x0)− f̂i

]
.

(18)

where k1, k2, k3 are positive control gains;α, β are all controller
gains, and they satisfy 0 < α < β.

Theorem 2: In an undirected connected multiagent network,
under the influence of consensus protocol (18), for any solution
satisfying conditions on

V̇2 ≤ − a2V2
ξ2 − b2V2

η2 − c2V2 a2, b2, c2 > 0,

0 < ξ2 < 1, η2 > 1

the agents can reach a consensus state within a fixed time, and
the upper bound of the time to reach consensus is satisfied.

The multi-PMSM system (1) can achieve speed coordinated
control within a fixed time.

T2max
Δ
=

1

c2 (1− ξ2)
ln

(
1 +

c2
a2

)
+

1

c2(η2 − 1)
ln

(
1 +

c2
b2

)

Proof: According to (2), (3), the error equation of the system
is as follows:

ėi = ω̇i − ω̇0

= − k1

N∑
j=1

aij(xi − xj)
2−αβ − k2

N∑
j=1

aij(xi − xj)
α
β

− k3

N∑
j=1

aij(xi − xj)− k3mi0(xi − x0) + (fi − f̂i).

(19)

Choose V2 = 1
2

∑N
i=1 ei

2(t) as the Lyapunov function can-
didate. The derivative of V2 along trajectories (19) can be
calculated as

V̇2 =

N∑
i=1

ei(t) · ėi(t)

= − k1

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aij(xi − xj)
2−αβ

⎤
⎦

− k2

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aij(xi − xj)
α
β

⎤
⎦

− k3

N∑
i=1

ei(t)

⎡
⎣ N∑
j=1

aij(xi − xj)

⎤
⎦

− k3

N∑
i=1

ei(t)mi0(xi − x0) +

N∑
i=1

ei(t)(fi − f̂i)

= − k1
2

N∑
i=1

N∑
j=1

aij (ei − ej)
3−αβ

− k2
2

N∑
i=1

N∑
j=1

aij (ei − ej)
1+α

β

− k3
2

N∑
i=1

N∑
j=1

aij(ei − ej)
2 − k3

N∑
i=1

mi0ei
2

+

N∑
i=1

ei(t)(fi − f̂i). (20)

Defining
∑N
i=1

∑N
j=1 aij(ei − ej)

2 = 2eTL(A)e;
∑N
i=1

mi0ei
2 = eTMe;M = diag{m10,m20, · · · ,mn0}; H=L(A)

+M and Lemma 3; one can obtain the following inequalities:

eTHe

V2
=
eTHe
1
2e
T e

≥ 2λmin(H) (21)
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N∑
i=1

ei(t)(fi − f̂i) ≤ 2ρV2. (22)

Combining Theorem 1, one has

V̇2 ≤ −k1
2
N

α−β
2β 2

3β−α
β λ2[L (P )]

3β−α
2β V2

3β−α
2β

− k2
2
2
α+β
β λ2[L (Q)]

β+α
2β V2

β+a
2β − [2k3λmin(H)− 2ρ]V2.

(23)

Defining ξ2 = (α+ β)/2β; η2 = (3β − α)/2β; a2 =
k2
2 2

α+β
β λ2[L(Q)]

β+α
2β ; b2 = k1

2 N
α−β
2β 2

3β−α
β λ2[L(P )]

3β−α
2β ; c2

= 2k3λmin(H)− 2ρ; the following inequalities can be obtained
as

V̇2 ≤ −a2V2ξ2 − b2V2
η2 − c2V2. (24)

According to Lemma 1, the system converges within a fixed
time, and the setting time can be obtained as

T2max=
1

c2(1−ξ2) ln
(
1+

c2
a2

)
+

1

c2(η2−1)
ln

(
1 +

c2
b2

)
.

(25)
Remark: The parameter selection of the consistency protocol

in this article should follow the principles of k1, k2, k3 > 0
and 0 < α < β. The synchronization accuracy of the system
is related to k1. The larger k1you change, the better synchro-
nization accuracy will be, but an excessively large value will
cause chattering. Increasing k2 and making α/β closer to 1 can
accelerate the convergence speed of the system, but too fast
convergence speed will exacerbate the chattering phenomenon.
Increasing k3 can reduce the system tracking error, but this will
lead to an increase in control energy. It should be mentioned
that the smaller tracking errors will lead to the higher control
energy. Therefore, in practice, we should consider the trade-offs
among the system’s settling time, synchronization accuracy, and
chattering amplitude.

C. Supertwisting Extended State Observer

In this article, the STESO [28] is used to estimate the compre-
hensive disturbances of the system. The estimated disturbance
obtained from the STESO is compensated in the consensus
control protocol to enhance the robustness of the system. Based
on the mechanical motion equation of the PMSM in (1), the
STESO is established as follows:⎧⎪⎪⎨

⎪⎪⎩
ei,1 = zi,1 − ωi

żi,1 = ϑiui + zi,2 − βi,1

(
sig

1
2 (ei,1) + ei,1

)
żi,2 = −βi,2

(
1
2 sign(ei,1) + ei,1 +

3
2 sig

1
2 (ei,1)

) (26)

where zi,1 represents the estimated value of the actual rotational
speed, zi,2 represents the estimated value of the comprehensive
disturbances in the system, i.e., f̂i, βi,1, βi,2 are the gains
of the observer, and βi,1, βi,2 > 0. In order to better suppress
the occurrence of the chattering problem, the sign function in
the observer (26) cited in this article can be replaced with the
saturation function sat(�).

D. Current Loop Design for Multi-PMSMs Speed Coordinated
Control System

The current loop adopts a control strategy with id,i∗ = 0, the
tracking error for the FTCSMC defined as

Γ =

[
ed,i
eq,i

]
=

[
i∗d,i − id,i
i∗q,i − iq,i

]
= Υ∗ −Υ (27)

where Υ∗ =
[
i∗d,i
i∗q,i

]
; Υ =

[
id,i
iq,i

]
.

By using the mathematical model of PMSM (1), the matrix
from incorporating disturbances can be obtained as

Υ̇ = XΥ+ Y u∗ + ZF (28)

where u∗ =
[
ud,i
uq,i

]
; X = −Ri/Li; Y = 1/Li; Z = 1;

F =
[
ωinpiq,i
−ωinpid,i − ψi

Li
np

]
.

Considering the existence of the parameter variations, exter-
nal disturbances, and friction forces in the PMSM system, the
PMSM system can be formulated as follows:

Υ̇ = (Xn +ΔX)Υ + (Yn +ΔY )u∗ + (Z +ΔZ)F

= XnΥ+ Ynu
∗ + ζ (29)

where Xn, Ynare the nominal value of X,Y ; ΔX,ΔY,ΔZ de-
note the uncertainties introduced by system parameters. ζd,q =
ΔXΥ+ΔY u∗ + (Z +ΔZ)F is the lumped uncertainty, and
ζq is assumed to be bounded

|ζq| ≤ ρ1 (30)

where ρ1 is a given positive constant.
The integral sliding surface S1 and the defined complemen-

tary sliding surface S2 in this article are as follows:

S1 =

[
S1d

S1q

]
= Γ + g

∫ t

0

(Γ + sigχ(S2 − S1))dτ (31)

S2 =

[
S2d

S2q

]
= Γ− g

∫ t

0

(Γ + sigχ(S2 − S1))dτ (32)

where g and χ represent the given positive constant.
By substituting (27)–(29) into (31) and (32) and taking the

derivatives, the following equations can be obtained:

Ṡ1 = Γ̇ + g [Γ + sigχ(S2 − S1)]

= Υ̇∗ −XnΥ− Ynu
∗ − ζ + gΓ + gsigχ(S2 − S1) (33)

Ṡ2 = Γ̇− g [Γ + sigχ(S2 − S1)]

= Υ̇∗ −XnΥ− Ynu
∗ − ζ − gΓ− gsigχ(S2 − S1). (34)

Corresponding to the same positive constant g, the relation-
ship between S1 and S2 can be obtained as follows:

S(Γ) = S1(Γ) + S2(Γ). (35)

Combining (31)–(34), one has

Ṡ2 = Ṡ1 − g(S1 + S2)− 2gsigχ(S2 − S1)

= Ṡ1 − gS − 2gsigχ(S2 − S1). (36)
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Fig. 2. FTCSMC structure diagram.

To ensure the stability of the system, the FTCSMC control
law u∗ is designed as follows in this article

u∗ = u∗eq + u∗hit (37)

u∗eq =

[
u∗deq

u∗qeq

]
=

⎡
⎢⎢⎣

1
Yn

(
Υ̇∗ −XnΥ+ gΓ + h1sig1+

1
λ (S)

+h2sig1−
1
λ (S) + gS1

)
1
Yn

(
Υ̇∗ −XnΥ+ gΓ + h1sig1+

1
λ (S)

+h2sig1−
1
λ (S) + gS1

)
⎤
⎥⎥⎦

(38)

u∗hit =

[
u∗dhit

u∗qhit

]
=

⎡
⎣ 1
Yn

[
ρ1sat

(
S
ϕ

)]
1
Yn

[
ρ1sat

(
S
ϕ

)]
⎤
⎦ (39)

where u∗eq is the equivalent control law, u∗hit is the switching
control law, ϕ is the boundary layer thickness, h1, h2 > 0,
λ > 1, and sat(·) is a saturation function, which is designed as
follows:

sat

(
S

ϕ

)
=

⎧⎨
⎩
1, S ≥ ϕ
S
ϕ ,−ϕ < S < ϕ

−1, S ≤ −ϕ
. (40)

The structural diagram of FTCSMC is shown in Fig. 2.
To ensure the stability of the system, taking the q-axis as an

example, the Lyapunov function V3 candidate for the FTCSMC
system is chosen as

V3 =
1

2
S2
1q +

1

2
S2
2q. (41)

When S ≥ ϕ, the following equation can be obtained by
taking the time derivative of (41).

V̇3 = S1qṠ1q + S2qṠ2q

= S1qṠ1q + S2q

[
Ṡ1q − gSq − 2gsigχ(S2q − S1q)

]
= Ṡ1qSq − gS2qSq − 2gS2qsig

χ(S2q − S1q)

= Sq

[−h1sig1+
1
λ (Sq)− h2sig1−

1
λ (Sq)− gS1q

−ρ1sat
(
Sq
ϕ

)
− ζq + gsigχ(S2q − S1q)

]

− gS2qSq − 2gS2qsigχ(S2q − S1q)

= −Sqh1sig1+
1
λ (Sq)− Sqh2sig1−

1
λ (Sq)− Sqρ1sat

(
Sq
ϕ

)

− Sqζq − gS2
q − g (S2q − S1q) sigχ(S2q − S1q)

= −Sqh1sig1+
1
λ (Sq)− Sqh2sig1−

1
λ (Sq)− gS2

q

+ Sq
(−Ynu∗qhit

)
+ Sq(−ζq)− g (S2q − S1q) sigχ(S2q − S1q)

Fig. 3. Multimotor speed control and load integration experimental platform.

≤ −h1(S2
q )

1+ 1
2λ − h2(S

2
q )

1− 1
2λ − gS2

q

+ |Sq| (|ζq| − ρ1)− g|S2q − S1q|χ+1

≤ −h1(S2
q )

1+ 1
2λ − h2(S

2
q )

1− 1
2λ . (42)

According to Lemma 4, the system converges within a fixed
time, the setting time of the system can be obtained as

T3max =
πλ√
h̄1h̄2

(43)

where h̄1 = 21+
1
2λh1; h̄2 = 21−

1
2λh2.

IV. EXPERIMENT

To verify the feasibility of the control method proposed in
this article, comparative experiments with the DCC method and
other performance verification experiments are carried out on
the multi-PMSM speed coordinated control test platform shown
in Fig. 3.

The experimental platform includes three 1500 W surface-
mounted PMSMs; three load motors paired with the PMSMs to
form a traction structure, used to simulate load disturbances; six
sets of motor drivers with built-in rectifier and inverter circuits;
as well as a host computer and three controllers. The three
controllers and the host computer are interconnected via a switch
to form a local area network, and information is transmitted using
the UDP communication protocol.

DCC of multi-PMSMs consists of two parts: speed tracking
control and speed synchronization control. The DCC block
diagram of multi-PMSMs is shown in Fig. 4. It adopts the
improved structure proposed in [29].

Among them,Fi(s) represents the synchronization error com-
pensation controller, which typically adopts the PI algorithm.
Gs,i(s) represents the speed tracking controller. To enhance
the system’s robustness, the speed tracking controller adopts a
model-free SMC based on an extended sliding mode disturbance
observer proposed in [30].

The parameters of the PMSM on the experimental platform
are given in Table Ⅰ. The parameters of the two proposed control
methods and the parameters of the DCC method are given in
Table Ⅱ.
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Fig. 4. Block diagram of DCC for multi-PMSMs.

TABLE I
PARAMETERS OF PMSM

TABLE II
PARAMETERS OF THE CONTROL METHODS

Considering practical engineering applications, the control
methods proposed in this article are compared with the DCC
method on the multi-PMSMs speed control and load integration
experimental platform. Comparative experiments are conducted
on operations such as speed-up and speed-down as well as for-
ward and reverse operation, sudden load, and sudden relief load,
as well as on low speed. Furthermore, we conduct experiments
on topology switching, verification of four-quadrant operating
conditions, and experimental verification under parameter mis-
match conditions.

A. Comparative Experiments on Speed-Up and Speed-Down
as Well as Forward and Reverse Operation

To verify the synchronous performance of the control methods
proposed in this article, a comparative experiment on speed-up
and speed-down as well as forward and reverse operation is
conducted. The results of the comparative experiment are shown
in Figs. 5 and 7.

From Fig. 5, it can be seen that the FTCP method and IFTCP
method designed in this article exhibit no obvious overshoot
phenomena during speed-up, speed-down, forward, and reverse
operation conditions. The transition process is relatively smooth,

Fig. 5. Speed response curve of PMSM during speed change. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

Fig. 6. Speed tracking error of PMSM during speed change. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

with the settling times being around 6 s and 5 s, respectively.
In contrast, the DCC method has an overshoot of 7% and a
settling time of around 8 s. During the steady state at 700 r/min,
the chattering amplitudes under the three control methods are
4.5 r/min, 3 r/min, and 1.5 r/min, respectively.

In Fig. 6, it can be seen that the IFTCP method has a significant
advantage in tracking errors compared to the FTCP method
and the DCC method. Additionally, under forward and reverse
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Fig. 7. Speed synchronization error of PMSM during speed change. (a) DCC
method. (b) FTCP method. (c) IFTCP method.

operating conditions, neither the FTCP nor the IFTCP method
exhibits a noticeable overshoot.

In Fig. 7, the synchronization errors of the DCC method are
4.5 r/min at 200 r/min and 5.5 r/min at 700 r/min. For the FTCP
method, the synchronization errors are 3 r/min and 3.5 r/min.
The IFTCP method has synchronization errors of 0.4 r/min and
1.5 r/min.

This demonstrates that the FTCP and IFTCP methods de-
signed in this article ensure better system responsiveness and
tracking capability compared to the DCC method. Additionally,
the IFTCP method can better suppress the system’s chattering
phenomenon compared to the FTCP method.

B. Comparative Experiments on a Sudden Load and Sudden
Relief Load

To validate the robustness of the control methods proposed
in this article, a comparison experiment involving sudden load
and sudden relief load is conducted. Different loads are applied
to or removed from different motors at different times while
the multi-PMSMs speed coordinated control system is running
at 300 r/min. The loads are applied or removed by the load
motor group depicted in Fig. 3. The results of the comparison
experiment are shown in Figs. 8, 9, and10.

When subjected to a sudden load disturbance, all three control
methods can restore the speed to the set 300 r/min in a short
time. In Fig. 8, after the sudden load is applied, the chattering
amplitude of the DCC method, the FTCP method, and the IFTCP
method are approximately 3.5 r/min, 2 r/min, and 0.8 r/min,
respectively.

Due to the observer used in this article to estimate and com-
pensate for disturbances, the impact of load disturbances on the
multi-PMSMs speed coordinated control system is reduced. In

Fig. 8. Speed response curve of load addition and reduction. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

Fig. 9. Speed tracking error of load addition and reduction. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

Fig. 9, at the same load application time, the speed increases for
the three control methods are 11%, 6%, and 2.6%, respectively.

In Fig. 10, after the sudden load, the synchronization errors
of the DCC method, the FTCP method, and the IFTCP method
are 4.5 r/min, 2.5 r/min, and 0.8 r/min, respectively.

Therefore, it can be concluded that the FTCP method and the
IFTCP method designed in this article can effectively ensure the
robustness of the system.



HOU et al.: FIXED-TIME CONSENSUS PROTOCOLS OF MAS BASED SPEED COORDINATED CONTROL FOR MULTIPLE PMSMS 17853

Fig. 10. Speed synchronization error of load addition and reduction. (a) DCC
method. (b) FTCP method. (c) IFTCP method.

Fig. 11. Speed response curve of low-speed operation. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

C. Comparative Experiments on Low-Speed

To verify the low-speed performance of the control methods
proposed in this article, the multi-PMSMs speed coordinated
control system is decelerated from an initial speed of 100 r/min
to 50 r/min, and then further decelerated to 20 r/min. The results
of the low-speed comparison experiment are shown in Figs. 11,
12, and 13.

In Fig. 11, under low-speed conditions, the DCC method
shows a chattering amplitude of 4.5 r/min and 4 r/min at steady
states of 50 r/min and 20 r/min, respectively. The FTCP method

Fig. 12. Speed tracking error of low-speed operation. (a) DCC method.
(b) FTCP method. (c) IFTCP method.

Fig. 13. Speed synchronization error of low-speed operation. (a) DDC method.
(b) FTCP method. (c) IFTCP method.

shows a chattering amplitude of 3.3 r/min and 3.5 r/min at
steady states. The IFTCP method shows a chattering amplitude
of 0.5 r/min and 1.2 r/min at steady states.

In Fig. 12, under low-speed conditions, the DCC method
exhibits an overshoot of approximately 22%, whereas the FTCP
method and the IFTCP method do not show any significant
overshoot.

In Fig. 13, under low-speed conditions, the DCC method
shows synchronization errors of 7 r/min and 6 r/min at steady
states of 50 r/min and 20 r/min, respectively. The FTCP method
shows synchronization errors of 4 r/min and 3.5 r/min at steady



17854 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 12, DECEMBER 2025

Fig. 14. Performance comparison of three control methods under speed-up
and speed-down as well as forward and reverse operation, sudden load, and
sudden relief load, as well as on low speed. (a) Performance comparison of
speed changes. (b) Performance comparison of load changes at different times.
(c) Performance comparison of low-speed. Remark: Explained some abbrevi-
ations in Fig. 13, SE: Synchronization error, CA: Chattering amplitude, ST:
Settling time, DLO: During load operation, SF: Speed fluctuations, and SL:
Sudden load.

states. The IFTCP method shows synchronization errors of
0.8 r/min and 1.2 r/min at steady states.

Thus, it is evident that the FTCP and IFTCP methods designed
in this article maintain good responsiveness and tracking per-
formance under low-speed conditions, with the IFTCP method
effectively reducing system chattering.

D. Comparison

The detailed performance analysis of the three control meth-
ods under three different operating conditions is shown in
Fig. 14. It can be seen from Fig. 14 that the IFTCP method
has the smallest synchronization error, tracking error, and speed
fluctuation during speed-up and speed-down as well as forward
and reverse operation, sudden load, and sudden relief load, as

Fig. 15. Experimental of the communication topology switching under steady-
state conditions. (a) Diagram of communication topology switching under
steady-state conditions. (b) Speed diagram during the topology-switching ex-
periment under the steady-state operation condition at 400 r/min.

Fig. 16. Experiment on the system startup conditions under different com-
munication topologies. (a) Diagram of communication topology switching.
(b) Speed diagram of startup conditions under different communication topolo-
gies.

well as on low speed. Compared with the DCC method and the
FTCP method, the IFTCP method has the best synchronization
performance and anti-interference ability.

E. Topology-Switching Conditions

To verify the performance of the IFTCP proposed in this ar-
ticle under topology-switching conditions, experiments are car-
ried out on the experimental platform. The experiments included
the switching of communication topologies under steady-state
conditions and the startup experiments under different commu-
nication topologies. The experimental results are presented in
Figs. 15 and 16.

To verify the impact of topology switching on the speed
during the steady-state operation of the multi-PMSMs speed
coordinated control system, the communication connections
between agents are switched according to the scenario shown
in Fig. 15(a) for the experiment.

From Fig. 15(b), when the communication topology structure
switches during the steady-state operation at 400 r/min, the
IFTCP method proposed in this article can still achieve the speed
coordinated control of the multi-PMSMs speed coordinated
control system. There is almost no speed fluctuation at the



HOU et al.: FIXED-TIME CONSENSUS PROTOCOLS OF MAS BASED SPEED COORDINATED CONTROL FOR MULTIPLE PMSMS 17855

moment of switching. As long as there is a spanning tree rooted
at the leader in the undirected graph G(A), the leader-follower
consensus of the MAS can be guaranteed. At 50 s, agent 2 has
no communication connection with other agents, so PMSM2
decelerates slowly until it reaches 0, but this does not affect the
other motors in the system to maintain steady-state operation.

To verify the differences in the startup conditions of the
multi-PMSMs speed coordinated control system under differ-
ent communication topologies, the communication connections
between agents are switched according to the scenario shown in
Fig. 16(a) for the experiment.

From Fig. 16(b), when conducting startup experiments with
different communication topologies, the convergence speeds
of the three motors vary. This is because differences in the
structure of the undirected graph G(A) affect the distribution
of the eigenvalues of the Laplacian matrix L.

The above two experiments indicate that when the com-
munication network structure changes, the IFTCP method can
still enable the multi-PMSMs speed coordinated control sys-
tem to achieve speed consistency. Taking advantage of this
characteristic, when designing the communication topology
diagram, the number of communication connections in the
topology diagram can be minimized as much as possible to
reduce communication costs, simplify the system structure,
and thus improve reliability. Changes in the communication
network structure do not affect the structure and parameters
of the consensus protocol. Therefore, the method proposed
in this article can flexibly change the number of motors in
the system. Meanwhile, when a communication line fails, we
can switch the communication topology and flexibly use dif-
ferent communication topology diagrams to ensure the sta-
ble operation of the multi-PMSMs speed coordinated control
system.

F. Parameter Mismatch Operations

For the motor parameter Ri, Li, ψi, Ji, Bi, we conduct
experiments to verify the impact of the change in each motor
parameter on the speed of the multi-PMSMs speed coordinated
control system. After keeping the multi-PMSMs speed coordi-
nated control system in a steady state of 300 r/min, we alter
the motor parameters at 40 s and restore the original motor
parameters at 60 s.

Under the resistanceR′
i = 1.25Ri andR′

i = 1.75Ri, Fig. 17
shows the speed performance of the IFTCP methods at the speed
of 300 r/min. When the motor resistance is mismatched at 40 s,
the motor speed experiences a slight fluctuation of 1r/min and
quickly recovers to the given speed of 300 r/min.

Under the inductance L′
i = 0.5Li and L′

i = 1.5Li, Fig. 18
shows the speed performance of the IFTCP method at the speed
of 300 r/min. When the motor inductance is mismatched at 40 s,
the motor speed experiences a slight fluctuation of 1.5 r/min and
quickly recovers to the given speed of 300 r/min.

Under the inductance ψ′
i = 0.5ψi and ψ′

i = 1.5ψi, Fig. 19
shows the speed performance of the IFTCP methods at the speed
of 300 r/min. When the motor permanent magnet flux chain
mismatches at 40 seconds, the motor speed hardly changes.

Fig. 17. Experimental results of the speed under resistance mismatch at
300 r/min. (a) R′

i = 1.25Ri. (b) R′
i = 1.75Ri.

Fig. 18. Experimental results of the speed under inductance mismatch at
300 r/min. (a) L′

i = 0.5Li. (b) L′
i = 1.5Li.

Fig. 19. Experimental results of the speed under permanent magnet flux chain
mismatch at 300 r/min. (a) ψ′

i = 0.5ψi. (b) ψ′
i = 1.5ψi.

Under the rotor inertia J ′
i = 0.5Ji and J ′

i = 1.5Ji, Fig. 20
shows the speed performance of the IFTCP methods at the
speed of 300 r/min. When the motor rotor inertia mismatches at
40 seconds, the motor speed hardly changes.

Under the friction coefficient B′
i = 0.5Bi and B′

i = 1.5Bi,
Fig. 21 shows the speed performance of the IFTCP methods
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Fig. 20. Experimental results of the speed under rotor inertia mismatch at
300 r/min. (a) J ′

i = 0.5Ji. (b) J ′
i = 1.5Ji.

Fig. 21. Experimental results of the speed under friction coefficient mismatch
at 300 r/min. (a) B′

i = 0.5Bi. (b) B′
i = 1.5Bi.

at the speed of 300 r/min. When the motor friction coefficient
mismatches at 40 seconds, the motor speed hardly changes.

Judging from the experimental results, the designed IFTCP
exhibits strong robustness, thus exerting almost no impact on the
entire multi-PMSMs speed coordinated control system. Since
this article uses STESO to estimate the comprehensive distur-
bances of the system, it can effectively mitigate the impact of
parameter mismatch on the system and enhance the system’s
robustness.

G. Four Quadrant Operations

The four quadrant operations experimental result is shown in
Fig. 22. The entire experimental process is roughly divided into
eight parts, as shown in Fig. 22. From 0–20 s, PMSM1 starts
with a load. The given rotational speed is 500 r/min, and the
torque is 4.5 N ·m. The rotational speed and torque are in the
same direction, and PMSM1 operates in the first quadrant. At
20 s, the torque suddenly changes to −4.5 N ·m. At this time,
the motor switches to the forward-rotation braking state. It starts
to decelerate at 35 s until it stops, and then remains on standby
until 50 s. At 50 s, the motor starts without a load, and the given
rotational speed is −500 r/min. At 65 s, the torque suddenly
changes to 4.5 N ·m. The rotational speed and torque are in

Fig. 22. Experimental results under four quadrant operation. (a) Speed re-
sponse curve of PMSM during four quadrant operation. (b) Load response curve
under four-quadrant operation.

opposite directions, and PMSM1 operates in the reverse-rotation
braking state. At 75 s, the load suddenly changes to −4.5 N ·m,
and the motor switches to the reverse-rotation electric state and
runs until the end of the experiment. From Fig. 22, it can be seen
that the three motors can synchronously achieve four-quadrant
operation, and the transition is smooth.

V. CONCLUSION

A new strategy of speed coordinated control for multiple
PMSMs is proposed in this article, which solves the prob-
lem of coordinated speed control of multimotors by using the
consistency of MASs. The vector control system of a single
motor is innovatively regarded as an agent, and the information
interaction with neighboring is realized by using an undirected
communication network, which does not rely on global infor-
mation and has good scalability. Compared with the coupled
control strategy, the system is reduced complexity, small cal-
culation amount and strong scalability with the increase of the
number of motors. The basic fixed-time consensus protocol and
improved smooth fixed-time consensus protocol are designed,
the supertwisting extended state observer is employed to esti-
mate the disturbances in the system and perform feed-forward
compensation into the consensus protocol, thereby obtaining
the desired q-axis current. Then, a FTCSMC current controller
is designed to track the q-axis reference current. Comparative
experiments with the DCC method and the FTCP method show
that the IFTCP method has better tracking and synchronization
performance, fast convergence speed, strong robustness, and
effectively reduces the system chattering.
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