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Abstract: This paper proposes the distributed data-driven model-free adaptive sliding mode control method to solve the con-
sensus problem of nonlinear multi-agent systems. Firstly, the equivalent data model for each agent is constructed using the
compact-form dynamic linearization (CFDL) technique. Secondly, by utilizing process information from neighboring agents,
the novel sliding surface is utilized to ensure the boundedness of the distributed measurement error. Subsequently, a distributed
model-free adaptive sliding mode controller is developed for accurate consensus tracking. Finally, the effectiveness of the pro-
posed control approach is validated through experiments on multi DC motor system.
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1 Introduction

Multi-agent systems (MASs) consist of multiple interact-
ing agents that cooperate to achieve a collective control ob-
jective. Such systems offer key benefits, including efficient
decision-making, enhanced fault tolerance, and strong adapt-
ability to dynamic environments. Due to the above charac-
teristics, they have gained widespread attention in both theo-
retical and practical applications, such as sensor networks,
transportation, agriculture, and industrial automation sys-
tems [1-3]. One of the fundamental challenges in multi-
agent coordination is consensus tracking, aiming to enable
all agents to synchronize to a common trajectory despite di-
verse initial states [4-8]. In practice, the distributed con-
sensus problem is complicated by dynamic couplings among
agents, communication constraints, and uncertain dynamics,
which make it extremely difficult to establish accurate math-
ematical models. As a result, the above limitations in MAS
interactions have motivated the development of data-driven
control approaches.

The existing distributed control strategies [9—13] heavily
rely on accurate system models to guarantee reliable perfor-
mance and stability. However, with the continuous evolu-
tion of industrial processes and increasing system dynam-
ics complexity, obtaining precise mathematical models be-
comes a challenging task. This modeling difficulty further
limits the applicability of conventional methods in practi-
cal systems. Simultaneously, in modern industrial environ-
ments, large volumes of process information reflecting com-
plex and uncertain system behaviors are continuously col-
lected during operation. Leveraging such data for controller
design has therefore become a promising alternative. In this
context, to overcome modeling difficulties, model-free adap-
tive control (MFAC) [15-17] has emerged as an effective,
practical and efficient solution, capable of achieving high-
performance control without explicit modeling while adapt-
ing effectively to unknown and varying system dynamics.

Consequently, leveraging available data to achieve reli-
able consensus control has become a powerful research fo-
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cus. Data-driven control [18-20] focuses on designing con-
trollers utilizing I/O data solely. Various methods relying
on measured data have been proposed, including model-free
adaptive control, virtual reference feedback tuning [21], iter-
ative learning control, PID control [22], data-driven predic-
tive control, and others. Among them, MFAC [23-25] has
shown strong significance in addressing the aforementioned
challenges. The controller design process relies solely on
I/O system information, thereby eliminating the need for ac-
curate mathematical models. Moreover, MFAC has been im-
plemented in various real-world applications, including mo-
tor systems, chemical processes, and industrial machinery,
demonstrating strong adaptability and practical value.

Alternatively, sliding mode control [26] has emerged as
a highly attractive approach for control researchers due to
the robustness to parameter uncertainties and the capability
to ensure fast responses. Currently, a new sliding mode con-
trol approach based on input-output data is presented in [27],
eliminating the need for explicit system models. Although
considerable progress in [28, 29] has been made in control-
ling nonlinear MASs, the dynamic couplings and complex
nonlinear behaviors among agents [14] remain challenging
in practical implementation.

However, the effectiveness of existing approaches [30—
34] is limited in highly uncertain conditions because they
typically rely on input-affine structures with known or par-
tially known dynamics. Therefore, how to realize effective
consensus tracking utilizing the model-free adaptive sliding
mode control approach for nonlinear MASs remains an open
question.

Taking the aforementioned considerations into account,
this study proposes a data-driven model-free adaptive slid-
ing mode control scheme for nonlinear multi-agent systems.
This paper makes the following significant contributions:

1) Distributed model-free adaptive sliding mode control
framework alongside a novel sliding surface is developed to
ensure fast and robust consensus tracking in nonlinear MASs
under uncertainties and disturbances constraints, thereby en-
suring reliable cooperative behavior among agents.

2) Practical data-driven strategy is achieved using only
input-output signals, ensuring bounded parameter adapta-



tion and eliminating the need for explicit system models,
which significantly enhances the usefulness of the proposed
method in real-world applications.

The following sections outline the remaining content of
this paper: The preliminaries together with the problem for-
mulation are presented in Section II. Section III focuses on
the development and discussion of the main results. Numer-
ical simulations and performance analysis under various op-
erating conditions are presented in Section IV. At the end,
conclusions are summarized in Section V.

2 Preliminaries and problem formulation

2.1 Directed Graph Theory

The communication topology among agents is represented
using the directed graph G = (V,&,A) to describe the
information exchange. Here, A = [a;;] € RY*VN rep-
resents the adjacency matrix, the vertex set is defined as
V =A{v1,v2,...,on},and € = [(vj,v;)|v; € V] SV xVis
the set of edges. Moreover, N'(i) = {j € V|(i,j) € &£}
denotes the neighbor set of agent i, where a;; # 0. In
this work, self-loop is allowed, which means (i,7) ¢ &
for any ¢ € V, a;; = 0. Furthermore, the degree ma-
trix K = diag(ky,...,kn). Where k; > 0 indicates that
agent ¢ can directly access data from the leader, meanwhile
the Laplacian matrix L is constructed as the difference be-
tween the degree matrix D and the adjacency matrix A, here
D = diag(dy,...,dy) and d; = Zjvzl a;j denotes the in-
degree matrix. Moreover, it is assumed that the graph satis-
fies strong connectivity if the path exists between every pair
of vertices.

2.2 Problem Formulation

A class of nonlinear multi-agent systems is defined and
described below:

yi(k +1) = fi(yi(k), ui(k)),

where u; (k) € R and y;(k) € R represent the system input
and output signals of agent 4, respectively. f;(-) signifies an
unknown nonlinear function.

Assumption 1: It is assumed that aauf ((,2)

Assumption 2: The generalized Lipschitz condition holds
for the system (1), meaning that if Aw;(k) = w;(k) —u;(k—
1) # 0 then |Ay;(k + 1)|< bJAwu; (k)| holds for each time
step k, where Ay; (k+ 1) = y;(k + 1) — y; (k).

Remark 1: The above assumptions are general and com-
monly adopted in data-driven control. Specifically, Assump-
tion 1 represents a general condition applicable to common
nonlinear systems, whereas Assumption 2 implies that the
change rate of the system input constrains the rate of change
of the system output. In practice, the finite actuator capabil-
ity in real systems ensures that the output variation remains
bounded.

Assumption 3: A strongly connected communication
graph G is assumed, which ensures that all followers can di-
rectly receive information from at least one leader [6].

Lemma 1 [8]: Consider the nonlinear multi-agent system
(1) satisfying the above three assumptions. If |Au;(k)|# 0
holds, then the system dynamics can be represented using
the CFDL data model as follows:

Ay;(k +1) = ¢;(k)Au;(k) )

i=1,2,...,N (1)

is continuous.

where ¢;(k) denotes pseudo partial derivative (PPD), satis-
fying |¢;(k)|< b.

The distributed measurement error of &;(k) for N agents
is established as:

&i(k) =Y ai;(y; (k) = yi(k) + di(ya(k) — yi(k) 3)

JEN;

where d; = 1 if agent ¢ has direct to the leader information,
otherwise d; = 0. Additionally, y4(k) represents the refer-
ence trajectory.

Remark 2: No prior information about the system dy-
namics is required for the CFDL model (2). The time-
varying PPD ¢;(k) is an inherent concept of the MFAC
framework, which reflects the local input-output sensitivity
using only measured data. Since the dynamic behavior of
the PPD may be highly complex and difficult to analyze di-
rectly, employing a purely data-driven approach to estimate
the numerical characteristics of ¢;(k) becomes a preferred
solution for adaptive controller design.

3 Main Results

For clarity, this section consists of two parts. The first
part presents the model-free adaptive sliding mode controller
with improved tracking effectiveness. The second part pro-
vides the stability analysis, where the inductive assumption
method is used to prove that both the distributed measure-
ment error and parameter estimation error remain bounded.
Moreover, the proposed control strategy is summarized in
the overall block diagram illustrated in Fig. 1.
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Fig. 1: Block diagram.

3.1 Model-Free Adaptive Sliding Mode Controller De-
sign
Consider the following PPD criterion function for the pa-
rameter with unknown dynamics in (2):

J(¢z(k)) - |Ayz(k) - ¢i(k)AUz‘(k - 1)|2
+ plgi (k) — di(k — 1)[? 4)
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9J (i (k))

By utilizing the optimal condition =5 ) 0, the up-
dating law with reset algorithm is derived:
- - nAu;(k —1)
i(k) =¢i(k — 1) + ————F—= (Ayi(k
Bilk) = Gulk —1) + s (A (k)
= ik — 1)Auy(k — 1)) 5)

¢i(k) = §i(1), if [§i(k)|< € or sign(ei(k))
£ sign(di(1)) ©)

herein, n € (0, 1), 4 > 0 represents a positive weight factor.
Additionally, € is a small positive number and ¢; (k) signifies
the estimated value of ¢; (k).

To design the MFAC control algorithm, the pseudo partial
derivative ¢; (k) is estimated using the update law (5). Sub-
sequently, the following MFAC algorithm is implemented:

poi (k)
A+ bi(k)>

where p denotes the step size constant and A > 0.
Toward the design of the sliding mode controller, the slid-
ing surface function is described by:

s:(k) = a&(k) — &i(k — 1) ®)

where o > 1 represents a positive constant.
Accordingly, the expression (3) is then updated as

Au;mpa (k) = ——=———=&(k) @)

Gk +1) = = () aij + di)gi(k) Au; (k)
JEN;
+ Z aijAy; (k) + diAya(k + 1) ©)

JEN;

wherein Ay;(k + 1) is replaced with Ay; (k) because the
data at the next moment cannot be obtained.

Therefore, by applying the reaching condition s;(k+1) =
0 leads to the subsequent equivalent control law.

uf sy (k) = woi (k) <§i(k> + 2 jen, @i Ay; (k)
Ui.sM o+ (ﬁ,(/ﬂ)Q Z Qjj + d;
JEN;
diAya(k +1) &i(k) )
+ - (10)
Z ai; +di  of Z aij + d;)
JEN; JEN;

The controller consists of an equivalent control law and
switching control law, which means:

Auism(k) = Aug gy (k) + Aug sy (k) (11)

Besides, the switching control law Awj gy, (k) is pre-
sented:

o+ ¢i(k)?
where 75 > 0 denotes the switching gain of the sliding mode

controller that regulates the convergence rate of the sliding
surface.

Auj gn(k) = Tssign(s;(k)) (12)

As a consequence, taking into consideration (10), (11) and
(12), the controller is summarized as follows:

A () = —225) (&(k) e, Ay, (k)
ui sm(k) -+ bs(k)? Z o+ d;
JEN;
L& Aya(k+1) &i(k) )
Za”—i—d a( Y aij+dy)
JEN; JEN;
+ Tssign(s;(k)) (13)

Subsequently, the final input is given by
ui(kj) = ul(k — 1) + Au@MpA(k‘) + FiAui,SM(k) (14)

where the parameter I'; is a gain factor selected through pa-
rameter tuning. It determines the contribution of the sliding
mode control term in the final control input and is chosen to
balance tracking accuracy and control performance; larger
values improve robustness, while smaller values reduce os-
cillations.

3.2 Stability Analysis

Theorem 1: Let the system (1) satisfy assumptions 1-
3. Using the designed algorithms (5) together with the re-
set condition (6), the sliding surface (8) and controller (13)
guarantee that g&z(k) remains bounded. Simultaneously, the
distributed measurement error is also bounded.

Proof: The analysis proceeds by proving the boundedness
of ¢;(k), and ensure that & (k) remains bounded, respec-
tively. ~

Part i: First, define the PPD estimation error as ¢;(k) =

éi(k) — ¢;(k). By substituting the adaptive update law (5),
the following result is derived:
5k = ik — 1) 4 MAuik =)
Bilk) = dulk = 1)+ T T (il = 1)
Aui(k = 1) = §i(k — 1)Auy(k — 1))
= ¢i(k) + ¢i(k — 1)
_ nAu;(k —1) 4
= <1IH'A%M>¢Z( 1) — A¢i(k)

(15)
nlAu; (k—1)|?
A (k=1)[2
increase with respect to |Au;(k — 1)|2, and bounded below

2
by 2=5. As a consequence, a scalar constant ¢; € (0,1)
can be identified such that 0 < n < 1 and px > 0.

Denote that the term exhibits a monotonic

<1-1 —g<1 (16)
>~ M+€2 1

Au;(k—1)2
0< ’1 e

Because of |¢;(k)|< d, and |A¢;(k)|< 2d, the following
equation (15) can be represented as:

s (K)|< q1|dhi (k — 1)|+2d
< @|i(k — 2)|+2q1d + 2d

- 2d
<a e -0-a™) a7
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which implies ¢; (k) remains bounded, given that the bound-
edness of ¢;(k) is ensured by Lemma 1.
Part ii: Next, the boundedness of &; (k).
By incorporating (5) into (9), the updated equation of
& (k + 1) can be expressed as:
Glk+1)=&(k) + > aAy;(k) + diya(k + 1)
JEN;
wei(k)oi(k) | 1 wpi (k)i (k)
- o) () Ly, - 22T
o+ & (k) o o+ ¢i(k)
3 aiAy; M@Ayd(k—kl)
JEN, o+ ¢i(k)?
)

+ (Z a;j + d;)Tssign(s; (k

JEN;

L we®ek) 1.
(1 7a+¢l(k)2< a))m:)

woi(k)di (k)
+ (1 O'+¢z k)2 > j; az]Ay]
wou(H(H
o+ ¢Z(k)2
(Z a;j + d;)Tssign(s;(k)) (18)

JEN;

)

+d;iAyq(k + 1)) —

Subsequently, take 0 < hg < h;(k) < % < 1 into

consideration, wherein

wei(k)pi(k)

o+ i (k)

gi(k) = (1 = hi(k) (> en, aij + di) Aya(k + 1)
—hi(k) (X e, aij + di)7s sign(si(k))

|9i (k)< g0

hi(k) =

The following inequality is obtained by taking the abso-
lute value of each term of (18).

6k + DI 11— Ra(R)(1 — 26 (k) +lgu(h)

Ra()(1 = Il () g0 (k)

<h-

< 1= ho(1 = )FIE(O)0(2 — ho(1 — -)

(19)
Therefore, the following result will be given as
ago
1 i(k) = ——— 20
dm &) = 5, 20

In summary, both the parameter estimation gz@l(k) and the
measurement error &;(k) remain bounded under the pro-
posed adaptive sliding mode control scheme. The condition
0 < ho < hi(k) < % < 1 ensures that the adaptive pa-
rameters are stable, thereby enabling effective performance
of the distributed controller. This concludes the proof.

Fig. 2: Communication topology among agents.

4 Simulation Example

This section describes the usefulness of the provided con-
trol approach, which is validated by both numerical sim-
ulations and physical experimental verification. The DC
brushed motors supplied at 12V with a no-load speed of
293+21RPM and a gear ratio of 20, providing increased
torque. Hall encoders with 13 pulses per revolution are used
to capture rotor motion. The motor speed is measured in rev-
olutions per second (r/s) based on encoder measurements
and the sampling interval ¢. The total number of encoder
counts per revolution is calculated as »T" = 4N, Rr, where
N, is the encoder line count equal to 13, R, is the reduction
ratio equal to 20. The number of rotations is determined us-
ing N,. = 7, with m representing the total encoder count.
For each agent, the output data model is governed by:

yl(k' + 1) = 05y1(k) + blul(k) — 0.02yi(k‘)m +0.45

Noting that the multi-agent systems are heterogeneous,
with four agents exhibit distinct dynamic models. In addi-
tion, these models are not used in the control design but used
solely for generating the input and output data required for
the MAS simulations. As illustrated in Fig. 2, vertex O repre-
sents the virtual leader. Reception of the leader information
occurs solely at agents 1 and 3, forming a strongly connected
communication graph. For the considered graph, the Lapla-
cian matrix is expressed below:

with D = diag(1,0,1,0).

Example 1: In this case study, the reference trajectory
is a time-invariant signal y4(k) = 0.6. The initial param-
eters are set as u;(1) = 0, y;(1) = 0, and ¢;(1) = 1 for
all agents in this simulation. The control gains are set as
I'n =T3 =045 and I'y; = I'y = 0.15. The system model
parameters include [by, b, b3, by] = [2—7}1, S'Z%m, %, 5‘2’”]
and [p1,p2,ps3,p4a] = [3,2,3,2],m = 600,70 = 1024.
Other parameters are 7, = 1075, = 1, u = 0.005, p = 7.5,
A=350,w=10,0 =95 a=15and e = 107°.

The method [1] adopts a model-free adaptive control
framework for multi-agent consensus tracking. In contrast,
the proposed approach introduces a distributed data-driven
model-free adaptive sliding mode control strategy, which in-
corporates a novel sliding surface and adaptive gain mech-
anism to improve robustness and convergence performance.
Therefore, the following simulations compare the proposed
scheme with method [1] to demonstrate the effectiveness and
performance advantages of the developed scheme.
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Fig. 3 presents the proposed scheme achieves superior
control performance compared to method [1]. As shown in
the below figure, the proposed method ensures faster conver-
gence, smaller overshoot, and improved steady-state track-
ing accuracy. While method [1] exhibits the oscillations
and slower response in transient phase, this highlights the
stronger adaptability and robustness of the proposed method.
Moreover, Fig. 4 illustrates the distributed measurement er-
rors, which remain interval within the range of [-0.02, 0.02],
demonstrating the proposed control strategy capability.

Agent1

Agent2

= Y40 —Method [1]  -Proposed scheme|

150 200 [

100 100
Time step (k) Time step (k)
L Agent3 2 Agent4
= =¥8) =-Method [1] — -Proposed scheme| = =,{¥) =Method [1] — -Proposed scheme

Z04
g 0.6
02

558 559

150 200 0 50 100 150 200
Time step (k)

100
Time step (k)

Fig. 3: Tracking response for the time-invariant reference
trajectory.
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Distributed measurement error
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L o
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Time step (k)

°
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Time step (k)

Fig. 4: Distributed measurement errors for the time-invariant
reference trajectory.

The effectiveness of the developed method is quantified
by calculating the mean square error (MSE) for each agent.
The MSE values are presented in Table 1. For each follower
agent, the MSE is determined using the following formula:

m

MSE(() = > €(k)
k=1

wherein m indicates the overall number of sampling steps.
In comparison to the existing approach [1], the developed
strategy demonstrates significant improvement in accuracy,
reducing the average MSE across agents by a factor of ap-
proximately 1.29. This notable reduction confirms the effec-
tiveness of the proposed technique.

Example 2: The expression for the reference trajectory
is:

ya(k) = 0.6sin(0.077(k))40.6 cos(0.04x(k)), k € [0, 200]

2026 38th Chinese Control and Decision Conference (CCDC)

Table 1: Comparison of mean squared error (Example 1)

MSE; (k) Method [1] Proposed scheme
Follower 1  4.9135 x 1072 4.0732 x 1073
Follower2  3.2197 x 1072 2.2558 x 1073
Follower 3  4.9135 x 1072 4.0732 x 1073
Follower 4 3.2197 x 107  2.2558 x 1073
Average 4.0666 x 107*  3.1649 x 10°

Fig. 5 presents the tracking performance for the time-
varying trajectory. All agents are able to track the time-
varying reference trajectory. Compared to the existing
method [1], the proposed scheme achieves the faster re-
sponse, reduced steady-state error, and improved tracking
accuracy.

Agent1 Agent2

[= =34 —-Method [1] — -Proposed scheme

= =34 —=-Method [1] — -Proposed scheme

Tracking performance

~
7
/5 \
&
\f
Tracking performance

/‘\/
|V
o 50 100 150 200 0 50 100 150 200
Time step () Time step (k)
Agent3 Agent 4

| -¥4®) —-Method [1] — -Proposed scheme

— -¥qk) —-Method [1] — -Proposed scheme

Tracking performance
Tracking performance

1’ 38 40 /\
AVASVAVY
\\I
0 50 100 150 200
Time step (k)

Fig. 5: Tracking response for the time-variant reference tra-
jectory.
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Fig. 6: Distributed measurement errors for the time-variant
reference trajectory.

As highlighted, the proposed approach closely follows the
reference trajectory, whereas method [1] exhibits the devia-
tions and slower error convergence. Additionally, as shown
in Fig. 6 the error among agents are bounded. Therefore, the
proposed method demonstrates superior adaptability under
time-varying conditions, ensuring high-performance track-
ing. For time-varying reference trajectories, the mean
squared errors of distributed measurements for two control
strategies are detailed in Table 2. Relative to the conven-
tional approach [1], the proposed scheme reduces in average
MSE by approximately 1.16.

To verify practical feasibility, the proposed consensus
tracking control methodology is implemented on a multi DC
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Table 2: Comparison of mean squared error (Example 2)

MSE; (k) Method [1] Proposed scheme
Follower I  2.8319 x 107%  2.6984 x 107°
Follower2  1.4561 x 1072 9.8907 x 10~*
Follower 3 2.8319 x 1072 2.6984 x 10~*
Follower4 1.4561 x 1072 9.8907 x 10~*
Average 2.1445 x 107%  1.8432 x 107°

—=

» y \
stmazrs
TEEE12 .
,,,,,,,
Mator Drive meu : ”
.
.
.

Fig. 7: System connection diagram of multi DC motor con-
sensus tracking control.

motor experimental platform, as demonstrated in Fig. 8. The
system setup comprises three DC motors equipped with Hall
encoders and reduction gears, an STM32F407 main control
chip, two motor drive modules, and a liquid crystal display
(LCD) module. The microcontroller unit STM32F407ZGT6
is used for high-resolution pulse width modulation output
generation to achieve precise motor speed control. The timer
module is utilized for this purpose.

TB6E12
Motor Drive

Serial Port

STM32F4

LcD TB6612
Motor Drive

Fig. 8: Multi DC motor system.

In addition, the controller code is written in C language
using STM32CubelDE, while STM32CubeMX is used for
pin configuration, where the experiment aims to confirm that
the three motors accurately track the reference trajectory:

Fig. 9 presents the speed tracking performance of multi
DC motor demonstrating the proposed control technique per-
formance. Overall, the simulation results suggest that the
proposed control system is capable of tracking a constant
desired trajectory for multiple agents. While initial transient
errors may occur, the system ultimately achieves a steady-
state condition with minimal tracking error. The variations in

‘—Reference Trajectory ----Motorl ——Motor 2 --~- Motor 3

Tracking performance

0 200 400 600 800 1000 1200 1400 1600
Time step (k)

Fig. 9: Speed tracking performance of three DC motors.

tracking performance among the agents highlight the poten-
tial influence of individual characteristics and external fac-
tors.

The distributed errors for three DC motors result in mean
squared errors of 1.0840 x 1073, 1.5036 x 10~3, and
1.4887 x 1073, respectively. The average of 1.3588 x 1073
demonstrates the validity of the proposed control strategy in
practical applications. Meanwhile, the method consistently
maintains mean squared error around 1073,

Remark 3: The parameters p and w directly influence
the robustness against system uncertainties and disturbances.
Larger values can enhance disturbance rejection capability,
but may also amplify the control effort. In addition, the slid-
ing surface gain ¢ and the adaptive update gain o determine
the convergence rate of the tracking error. Excessive val-
ues may cause chattering or oscillatory responses, whereas
overly small values may slow the adaptation process. There-
fore, selecting p and w properly ensures a balance between
robustness, convergence speed, and control smoothness.

5 Conclusion

In this paper, the model-free adaptive sliding mode control
approach is presented to address the consensus problem of
MASs. Firstly, each agent equivalent data model is obtained
using the CFDL method. Secondly, a novel sliding surface
is presented for the purpose of ensuring that the distributed
measurement error is guaranteed remains bounded. More-
over, the developed strategy effectively mitigates the impact
of distributed measurement errors across agents. The sim-
ulation results, quantitatively confirm the superiority of the
proposed technique. Specifically, the mean squared error for
each agent is calculated, revealing an average mean squared
error reduction of approximately 1.29 compared to the exist-
ing approach [1], and approximately 1.16 for time-varying
signals. Finally, the effectiveness of the presented control
approach is further validated using physical experiments on
multi DC motor system.
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