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Abstract.  

The task is to synthesize a robust multi-channel decentralized control system 

with delay under the influence of external uncontrollable perturbations. Decen-

tralized robust control for such a system is defined as the task of constructing r 

local control blocks, for the functioning of which only their measured outputs 

and inputs are used, while cross-couplings between agents must be compensated. 

In this case, the required quality of transient processes in local agents of the plant 

is specified by equations of local reference models. To solve the problem, each 

agent of the system uses an auxiliary loop method based on the principle of dy-

namic compensation: a generalized perturbation signal is isolated and then sup-

pressed using an auxiliary loop and two observers with a high gain coefficient. 

The structure of the synthesized system is such that the isolated perturbation sig-

nal contains information not only about the parametric uncertainty of the plant 

model, but also about the delay and external perturbations acting on each agent 

individually. The Lyapunov function method is used to prove stability. A numer-

ical example of a system consisting of three agents is considered, illustrating the 

algorithm's performance for the required dynamic accuracy. The control system 

is simulated in the Simulink Matlab package. The simulation results confirmed 

the theoretical conclusions and demonstrated the effectiveness of the control sys-

tem, taking into account delays in conditions of parametric uncertainty and ex-

ternal uncontrollable perturbations. 

 

 

.Keywords:. robust control, multichannel, decentralized, time delay, auxiliary 

loop, perturbations. 

1 Introduction 

 

The task of compensating for external and internal perturbations acting on a control 

plant is one of the fundamental tasks in control theory. Solutions to problems under 

conditions of parameter uncertainty have been obtained by making various assumptions 

about the control plant model [1-8]. For example, in the case of dynamic deterministic 

systems, these are assumptions about minimum phase, the order of the relative degree 

of the model, perturbations acting from outside, etc., and for dynamic stochastic 
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systems, about the Gaussian distribution of measurement errors, the presence of com-

ponents that generate white noise, etc. An overview of publications on perturbation 

observers is presented in [1,2].  

Control systems that take into account delay components allow for an adequate de-

scription of real processes occurring in a dynamic system [8-13]. Thus, publication [10] 

shows that the exclusion of a small delay in a system of differential equations can lead 

to a change in the phase portrait. One type of system with delay is state delay, in general, 

as is known, for the proof of stability of which the apparatus of Lyapunov-Krasovsky 

functionals is used [9]. In some control problems for plants with time delay, it is possi-

ble to obtain a generalized model of the plant and suppress the isolated perturbed signal 

carrying information about the time delay and perturbations. The auxiliary loop 

method, based on the principle of dynamic compensation, allows solving perturbations 

compensation problems, including nonlinear, time-varying, control-delayed, and other 

components [7,8,12,15-18].  

This paper considers the problem of robust compensation for external uncontrollable 

deterministic perturbations in decentralized control of a multi-channel linear plant with 

delays in communication channels. The parameters of the plant model are unknown; 

only the intervals of change in their values are known. Decentralized robust control for 

such a system is defined as the task of constructing r local control blocks, for the func-

tioning of which only their measured outputs and inputs are used, while cross-connec-

tions between agents must be compensated. At the same time, the required quality of 

transient processes in the local agents of the plant is specified by the equations of local 

reference models. To solve the problem, each agent of the system uses an auxiliary loop 

method based on the principle of dynamic compensation: the generalized disturbance 

signal is isolated and then suppressed using an auxiliary loop and two high-gain ob-

servers. This approach eliminates the impact of delays on the control loop and allows 

for the subsequent solution of the control problem without considering the delay factor. 

The structure of the synthesized system ensures that the isolated disturbance signal con-

tains information not only about the parametric uncertainty of the plant model, but also 

about the delay, cross-coupling, and external disturbances affecting each agent individ-

ually. The Lyapunov function method was used to prove stability. A numerical example 

was considered for a linear multichannel plant with time delay under external perturba-

tions and interval uncertainty of the control plant model parameters. System simulation 

were performed in Simulink packages of the Matlab environment. 

2 Problem statement  

Consider a multi-channel control plant, whose dynamic processes are described by 

the following differential equations  

𝑄𝑙(𝑝)𝑦𝑙(𝑡) = 𝑘𝑙𝑅𝑙(𝑝)𝑢𝑙(𝑡) + 𝑁𝑙(𝑝)𝑦𝑙(𝑡 − ℎ𝑙) + ∑ Γ𝑙𝑗(𝑝)𝑦𝑗(𝑡 − ℎ𝑗)

𝑟

𝑗=1,𝑙≠𝑗

+ 𝑓𝑙(𝑡), 

      𝑝𝑖𝑦𝑙(𝑠) = 𝑦𝑖𝑙(𝑠),   𝑖 = 0, . . . , 𝑛 − 1,  𝑠 ∈ [−ℎ𝑙; 0] 𝑙 = 1, 𝑟.      (1) 
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where 𝑦𝑙(𝑡), 𝑢𝑙(𝑡) – scalar controlled variables and control actions of local agents, 𝑝 =
𝑑/𝑑𝑡 − differentiation operator, 𝑄𝑙(𝑝), 𝑅𝑙(𝑝) − normalized differential operators, 

𝑑𝑒𝑔 𝑄𝑙 (𝑝) = 𝑛𝑙 ,  𝑑𝑒𝑔 𝑅𝑙 (𝑝) = 𝑚𝑙 ,  𝑑𝑒𝑔𝑁𝑙 (𝑝) ≤ 𝑛𝑙 − 1, 𝑑𝑒𝑔 Γ𝑙𝑗 (𝑝) ≤ 𝑛𝑙 − 1, time 

delay  ℎ𝑙(𝑡) − bounded functions, 𝑘𝑙 > 0,  𝑓𝑙(𝑡) − external perturbations, 𝑙 = 1, 𝑟.  
The reference model for the l subsystem is described by the equation  

                                           𝑄𝑚𝑙(𝑝)𝑦𝑚𝑙(𝑡) = 𝑘𝑚𝑙𝑔𝑙(𝑡),                   (2)  

where 𝑔𝑙(𝑡) − scalar bounded inputs, 𝑘𝑚𝑙 > 0, 𝑦𝑚𝑙(𝑡) − scalar bounded outputs, 

𝑑𝑒𝑔 𝑄𝑚𝑙 (𝑝) = 𝑛𝑙 −𝑚𝑙 , 𝑙 = 1, 𝑟. 
 It is necessary to obtain control algorithms in subsystems that ensure the fulfill-

ment of the following target conditions 

                                               |𝑦𝑙(𝑡) − 𝑦𝑚𝑙(𝑡)| < 𝛿𝑙 при  𝑡 ≥ 𝑇,                 (3) 

where  𝛿𝑙 is a sufficiently small number, 𝑇 > 0. 

Assumptions. 

1. Local subsystems are controllable. 

2. The coefficients of operators 𝑄𝑙(𝑝), 𝑅𝑙(𝑝), 𝑁𝑙(𝑝), Γ𝑙𝑗(𝑝) and the values 𝑘𝑙 de-

pend on the vector of unknown parameters 𝜉𝑙 ∈ 𝛯, where  𝛯 − is a known set of possible 

values of the vector 𝜉𝑙 , 𝑙 = 1, 𝑟. 
3. The delay time in each subsystem ℎ𝑙(𝑡) − bounded function satisfying the con-

ditions ℎ𝑙(𝑡) > 0,   𝑙 = 1, 𝑟. 

4. The controlling actions 𝑔𝑙(𝑡) and disturbing actions 𝑓𝑙(𝑡), 𝑙 = 1, 𝑟 of local 

agents are bounded functions of time. 

5. Polynomials 𝑅𝑙(𝜆), 𝑄𝑚𝑙(𝜆), 𝑅𝑚𝑙(𝜆) are Hurwitz, where 𝜆 is a complex vari-

able in the Laplace transform.  𝑑𝑒𝑔 𝑅𝑙 (𝑝) = 𝑚𝑙 , 𝑑𝑒𝑔 𝑄𝑚 (𝑝) = 𝑛𝑙 −𝑚𝑙 , 𝑑𝑒𝑔 𝑄𝑙 (𝑝) =
𝑛𝑙 . 

6. The derivatives of the output variables and control actions are not measured. 

3  Solution  

Let us represent operators 𝑄𝑙(𝑝)and 𝑅𝑙(𝑝) as 𝑄𝑙(𝑝) = 𝑄0𝑙(𝑝) + 𝛥𝑄𝑙(𝑝), 𝑅𝑙(𝑝) =
𝑅0𝑙(𝑝) + 𝛥𝑅𝑙(𝑝), where 𝑄0𝑙(𝐷), 𝑅0𝑙(𝐷) − operators with known coefficients such that 

the polynomials 𝑄0𝑙(𝜆), 𝑅0𝑙(𝜆) − are Hurwitz polynomials and have orders 𝑛𝑙 and 𝑚𝑙, 

respectively. Since 𝑄0𝑙(𝜆) and 𝑅0𝑙(𝜆)  are arbitrary known polynomials, we choose 

them so that the equality 𝑄𝑚𝑙(𝑝) = 𝑄0𝑙(𝑝)/𝑅0𝑙(𝑝). is satisfied. Then equation (1) takes 

the form 

𝑄𝑚𝑙(𝑝)𝑦𝑙(𝑡) = 𝑘𝑙 (𝑢𝑙(𝑡) +
𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑢𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) +

𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 −

ℎ𝑙(𝑡)) +
∑ Γ𝑙𝑗𝑦𝑗(𝑡−ℎ𝑗)
𝑟
𝑗=1,𝑙≠𝑗

𝑘𝑙𝑅0𝑙(𝑝)
+

1

𝑘𝑙𝑅0𝑙(𝑝)
𝑓𝑙(𝑡)) , 𝑙 = 1, 𝑟.                                             (4) 

Let us formulate an equation for the error 𝑒𝑙(𝑡) = 𝑦𝑙(𝑡) − 𝑦𝑚𝑙(𝑡),  by subtracting 

(2) from (4), 

𝑄𝑚𝑙(𝑝)𝑒𝑙(𝑡) = 𝑘𝑙 (𝑢𝑙(𝑡) +
𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑢𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) +

𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙) +

∑ Γ𝑙𝑗𝑦𝑗(𝑡−ℎ𝑗)
𝑟
𝑗=1,𝑙≠𝑗

𝑘𝑙𝑅0𝑙(𝑝)
+

1

𝑘𝑙𝑅0𝑙(𝑝)
𝑓𝑙(𝑡) −

𝑘𝑚𝑙

𝑘𝑙
𝑔𝑙(𝑡)) , 𝑙 = 1, 𝑟.                                               (5) 
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Let us transform equation (5) to the form  

 

𝑄𝑚𝑙(𝑝)𝑒𝑙(𝑡) = 𝛽𝑙𝑢𝑙(𝑡) + 𝜑̅(𝑡),               

где 𝜑̅(𝑡) = (𝑘𝑙 − 𝛽𝑙)𝑢𝑙(𝑡) + (𝑢𝑙(𝑡) +
𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑢𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) +

𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 −

ℎ𝑙) +
∑ Γ𝑙𝑗𝑦𝑗(𝑡−ℎ𝑗)
𝑟
𝑗=1,𝑙≠𝑗

𝑘𝑙𝑅0𝑙(𝑝)
+

1

𝑘𝑙𝑅0𝑙(𝑝)
𝑓𝑙(𝑡) −

𝑘𝑚𝑙

𝑘𝑙
𝑔𝑙(𝑡)) , 𝑙 = 1, 𝑟.                              

We will form a control that will compensate for the negative effect of perturba-

tions in the 𝑙 − agents. If the measurement 𝑛𝑙 −𝑚𝑙 − 1 of the derivatives of the control 

action 𝑣𝑙(𝑡),  is available, we will define the control law 𝑢𝑙(𝑡)  as  

                                                 𝑢𝑙(𝑡) = 𝑇𝑙(𝑝)𝑣𝑙(𝑡), 𝑙 = 1, 𝑟.                                    (6)  

Then equation (5) will take the following form  

 𝑄𝑚𝑙(𝑝)𝑒𝑙(𝑡) = 𝑘𝑙𝑇𝑙(𝑝)(𝑣𝑙(𝑡) +
𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑣𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑦𝑙(𝑡) + 

+
𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)) +

∑ Γ𝑙𝑗𝑦𝑗(𝑡 − ℎ𝑗)
𝑟
𝑗=1,𝑙≠𝑗

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
 

+
1

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑓𝑙(𝑡) −

𝑘𝑚𝑙

𝑘𝑙𝑇𝑙(𝑝)
𝑔𝑙(𝑡)),  𝑙 = 1, 𝑟.                                                            (7) 

Since the system is designed on the assumption that only scalar inputs and outputs 

are available for measurement, the control law will be defined instead of (6) as  

 

                                          𝑢𝑙(𝑡) = 𝑇𝑙(𝑝)𝑣𝑙(𝑡), 𝑙 = 1, 𝑟.                                     (8)  

 

where 𝑣𝑙(𝑡) is the signal estimate obtained from the observer [14] 

                      𝜉𝑙̇ = 𝐹0𝑙𝜉𝑙(𝑡) + 𝐵0𝑙(𝑣𝑙(𝑡) − 𝑣𝑙(𝑡)),  

                              𝑣𝑙(𝑡) = 𝐿𝑙𝜉𝑙(𝑡), 𝑙 = 1, 𝑟.                                                   (9) 

Here 𝜉𝑙(𝑡) ∈ 𝑅
𝑛𝑙−𝑚𝑙 , 𝐹0𝑙 is a Frobenius matrix with a zero bottom row, 𝐿𝑙 =

[1,0, . . . ,0], 𝐵0𝑙
𝛵 = [

𝑏1𝑙

𝜇
, . . . ,

𝑏𝑛𝑙−𝑚𝑙

𝜇𝑛𝑙−𝑚𝑙
]. The parameters 𝑏1, . . . , 𝑏𝑛𝑙−𝑚𝑙

 are chosen so that the 

matrices 𝐹𝑙 = 𝐹0𝑙 + 𝐵𝑙𝐿 are Hurwitz, 𝐵𝑙
𝛵 = [𝑏1𝑙 , . . . , 𝑏𝑛𝑙−𝑚𝑙

]. 

Substituting (8) into (7), we obtain the equation  

𝑄𝑚𝑙(𝑝)𝑒𝑙(𝑡) = 𝛽𝑙𝑇𝑙(𝑝)𝑣𝑙(𝑡) + 𝜙𝑙(𝑡) + 𝛽𝑙𝑇𝑙(𝑝)(𝑣𝑙(𝑡) − 𝑣𝑙(𝑡)),                          (10) 

where 

 

                𝜙
𝑙
(𝑡) = (𝑘𝑙 − 𝛽𝑙)𝑣𝑙(𝑡) + 𝑘𝑙𝑇𝑙(𝑝)(

𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑣𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑦𝑙(𝑡) + 

+
𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)) +

∑ Γ𝑙𝑗𝑦𝑗(𝑡 − ℎ𝑗)
𝑟
𝑗=1,𝑙≠𝑗

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
+ 

                                           +
1

𝑘𝑙𝑅0𝑙(𝑝)𝑇𝑙(𝑝)
𝑓𝑙(𝑡) −

𝑘𝑚𝑙

𝑘𝑙𝑇𝑙(𝑝)
𝑔𝑙(𝑡)). 

  

Let us select a polynomial 𝑇𝑙(𝜆)  in the 𝑙 − 𝑡ℎ  local agent so that the transfer 

function satisfies the equality 
𝑇𝑙(𝜆)

𝑄𝑚𝑙(𝜆)
=

1

𝜆+𝑎𝑚𝑙
. Then equation (10) is transformed to the 

form 

                                           (𝑝 + 𝑎𝑚𝑙)𝑒𝑙(𝑡) = 𝛽𝑙𝑣𝑙(𝑡) + 𝜙𝑙(𝑡),                             (11) 

where 𝜙𝑙(𝑡) =
1

𝑇𝑙(𝑝)
𝜙
𝑙
(𝑡) + 𝛽𝑙(𝑣𝑙(𝑡) − 𝑣𝑙(𝑡)), 𝑙 = 1, 𝑟. 
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The signal 𝜙𝑙(𝑡) concentrates all the uncertainty of the parameters of the 𝑙 −
𝑡ℎ  local control agent, information about external perturbations, nonlinearities, and de-

lays.  

To compensate for the negative effect of the selected signal 𝜙𝑙(𝑡)  in the в 𝑙 − 𝑡ℎ 

local agent, we will use the auxiliary loop method [7]. 

Let's introduce an auxiliary loop  

                                        (𝑝 + 𝑎𝑚𝑙)𝑒𝑙(𝑡) = 𝛽𝑙𝑣𝑙(𝑡), 𝑙 = 1, 𝑟.                              (12)   

Taking into account (11) and (12), we can formulate the equation  

                                          (𝑝 + 𝑎𝑚𝑙)𝜁𝑙(𝑡) = 𝜙𝑙(𝑡),  𝑙 = 1, 𝑟,                                (13) 

where 𝜁𝑙(𝑡) = 𝑦𝑙(𝑡) − 𝑦𝑙(𝑡), 𝜁𝑙(𝑡) − discrepancy. Thus, if  𝑛𝑙 −𝑚𝑙 − 1  derivatives of 

signals 𝑣𝑙(𝑡) and the first derivative of the controlled variable 𝑒𝑙(𝑡), are available for 

measurement, then, by forming 𝑣𝑙(𝑡)  in the form 

                                    𝑣𝑙(𝑡) = −
1

𝛽𝑙
(𝑝 + 𝑎𝑚𝑙)𝜁𝑙(𝑡), 𝑙 = 1, 𝑟,                                   (14) 

we obtain that the control law (6), (14) ensures asymptotic stability of the system (1), 

(6), (14) with respect to the variable 𝑒𝑙 (t), and the equation of the closed system will 

be of the form (𝑝 + 𝑎𝑚𝑙)𝑒𝑙(𝑡) = 0. Therefore, from (5) we have that 𝑛𝑙 −𝑚𝑙 deriva-

tives of the signal 𝑒𝑙(𝑡) tend to 0. But for the system to be operational, it is necessary 

to show that the signal 𝜙𝑙(𝑡), 𝑙 = 1, 𝑟 is bounded.  

So, if it is possible to measure the listed derivatives 𝜙𝑙(𝑡) =
1

𝑇𝑙(𝑃)
𝜙
𝑙
(𝑡), and from 

(14) we have that 𝑣𝑙(𝑡) = −
1

𝛽𝑙
𝜙𝑙(𝑡). Then  

𝑢𝑙(𝑡) = −
1

𝛽𝑙
((𝑘𝑙 − 𝛽𝑙)𝑢𝑙(𝑡) + 𝑘𝑙

𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑢𝑙(𝑡) −

𝛥𝑄𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) + 

+
𝑁𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)) +

1

𝑅0𝑙(𝑝)
𝑓𝑙(𝑡) −

𝑘𝑚𝑙

𝑅0𝑙(𝑝)
𝑔𝑙(𝑡))   .                                             (15) 

The components 
𝛥𝑄𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑦𝑙(𝑡), 

𝑁𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)), 

1

𝑅0𝑙(𝑝)
𝑓𝑙(𝑡)  are bounded due to 

the Hurwitz property of the polynomial 𝑅0𝑙(𝜆) and the condition 𝑙𝑖𝑚
𝑡→∞

𝑒𝑙(𝑡) = 0.  Fur-

thermore, the control action 𝑔(𝑡) is bounded due to assumption. 

Solving equation (15) 𝑢𝑙(𝑡), for we obtain  

   𝑢𝑙(𝑡) = (−
𝛥𝑅𝑙(𝑝)

𝑅0𝑙(𝑝)
𝑢𝑙(𝑡) +

𝛥𝑄𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) −

𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)) − 

−
1

𝑘𝑙𝑅0𝑙(𝑝)
𝑓𝑙(𝑡) +

𝑘𝑚𝑙

𝑘𝑙𝑅0𝑙(𝑝)
𝑔𝑙(𝑡)).                                                                           (16) 

From which, taking into account (4), it follows that 𝑄𝑚𝑙(𝑝)𝑦𝑙(𝑡) = 0, and from 

(15) we have  

   𝑢𝑙(𝑡) =
−𝑅0𝑙(𝑝)

𝑅0𝑙(𝑝)+𝛥𝑅𝑙(𝑝)
= (

𝛥𝑄𝑙()

𝑘𝑅0𝑙(𝑝)
𝑦𝑙(𝑡) −

𝑁𝑙(𝑝)

𝑘𝑙𝑅0𝑙(𝑝)
𝑦𝑙(𝑡 − ℎ𝑙(𝑡)) − 

−
1

𝑘𝑙𝑅0𝑙(𝑝)
𝑓𝑙(𝑡) +

𝑘𝑚𝑙

𝑘𝑙𝑅0𝑙(𝑝)
𝑔𝑙(𝑡)). 

Since 𝑅0𝑙(𝑝) + 𝛥𝑅𝑙(𝑝) = 𝑅𝑙(𝑝) is a Hurwitz polynomial, and 𝑛𝑙 −𝑚𝑙 deriva-

tives 𝑒𝑙(𝑡)  tend to zero, the control signal 𝑢𝑙(𝑡), is bounded, and therefore the signals 

𝜙𝑙(𝑡), 𝜙𝑙(𝑡),  variable 𝜁𝑙(𝑡)  and its derivative due to (14). 

If it is impossible to measure the necessary derivatives of the signal 𝜁𝑙(𝑡),  instead 

of (14), we form the signal 𝑣𝑙(𝑡)  in the form 
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                                          𝑣𝑙(𝑡) = −
1

𝛽𝑙
(𝑝 + 𝑎𝑚𝑙)𝜁𝑙(𝑡), 𝑙 = 1, 𝑟,                           (17) 

where 𝜁
𝑙
(𝑡) − assessment obtained from an observer [14] 

 

𝑧̇𝑙 = 𝐹0𝑙𝑧𝑙(𝑡) + 𝐵0𝑙(𝜁𝑙(𝑡) − 𝜁𝑙(𝑡)), 

                                             𝜁
𝑙
(𝑡) = 𝐿𝑙2𝑧𝑙(𝑡),  𝑙 = 1, 𝑟,                                      (18)  

where 𝑧𝑙(𝑡) ∈ 𝑅
2, matrices 𝐹0𝑙 and 𝐵0𝑙  are the same as in (9), but only of the corre-

sponding dimensions, 𝐿2 = [1,0], 𝑙 = 1, 𝑟. In this case, the statement is true. 

Theorem. Let assumptions 1-6 hold, then for any 𝛿 > 0 in (3) there exist numbers 

such that when 𝜇𝑙 > 0,  𝑇 > 0  and 𝑡 ≥ 𝑇 for systems (1), (8), (9), (12), (17), (18), the 

target conditions (3) are satisfied and all variables in the system are bounded.  

Proof. Let us introduce the vectors  

            𝜎𝑙
𝛵(𝑡) = (𝑣𝑙(𝑡), 𝑝𝑣𝑙(𝑡), . . . , 𝑝𝑣𝑙(𝑡)), 𝑧0𝑙

𝛵 = [𝜁𝑙(𝑡), 𝑝𝜁𝑙(𝑡)] 
and normalized discrepancy vectors 

              𝜂
𝑙
(𝑡) = Γ1𝑙

−1(𝜎𝑙(𝑡) − 𝜉𝑙(𝑡)), 𝑤𝑙(𝑡) = Γ2𝑙
−1(𝑧0𝑙(𝑡) − 𝑧𝑙(𝑡)). 

Here Γ1𝑙
−1 = 𝑑𝑖𝑎𝑔{𝜇𝑙

𝑛𝑙−𝑚𝑙−1, . . . , 𝜇𝑙 , 1}, Γ2𝑙
−1 = 𝑑𝑖𝑎𝑔{𝜇𝑙 , 1}. Then, from (9) and (18), 

we have  

        {
𝜂𝑙
⋅

(𝑡) =
1

𝜇𝑙
𝐹𝑙𝜂𝑙 − 𝑏0𝑙𝑝

𝑛𝑙−𝑚𝑙𝑣𝑙(𝑡),

𝜃𝑙(𝑡) = 𝜇𝑙
𝑛𝑙−𝑚𝑙−1𝐿𝑙𝜂𝑙(𝑡), 𝑙 = 1, 𝑟,

         {
𝑤
⋅

𝑙(𝑡) =
1

𝜇𝑙
𝐹𝑙𝑤𝑙(𝑡) − 𝑝

2𝜁𝑙(𝑡),

𝜏𝑙(𝑡) = 𝜇𝑙𝐿2𝑙𝑤𝑙(𝑡),  𝑙 = 1, 𝑟,
(19) 

                                          

где 𝐹𝑙 = 𝐹0𝑙 + 𝐵0𝑙𝐿𝑙2, 𝑏𝑙0
𝛵 = [0, . . . ,1], 𝑏0𝑙

𝛵 = [0,1], 𝐿2𝑙 = [1,0], 𝜃𝑙(𝑡) = 𝑣𝑙(𝑡) − 𝑣𝑙(𝑡), 

𝜏𝑙(𝑡) = 𝜁𝑙(𝑡) − 𝜁𝑙(𝑡), 𝑙 = 1, 𝑟. 
Let us transform equations (19) into equivalent equations with respect to outputs 

𝜃𝑙(𝑡) and 𝜏𝑙(𝑡) 

{
𝜂̇𝑙(𝑡) =

1

𝜇𝑙
𝐹𝑙𝜂𝑙(𝑡) − 𝑏𝑝𝑣𝑙(𝑡),

𝜃𝑙(𝑡) = 𝜇𝑙
𝑛𝑙−𝑚𝑙−1𝐿𝑙𝜂𝑙(𝑡),

{
𝑤̇𝑙(𝑡) =

1

𝜇𝑙
𝐹𝑙𝑤𝑙(𝑡) − 𝑏𝑙𝑝𝜁𝑙(𝑡)

𝜏𝑙(𝑡) = 𝜇𝑙𝐿2𝑙𝑤𝑙(𝑡),
        (20)                            

𝑏𝑙
𝑇 = [1,0, . . . ,0], 𝑏𝑙

𝑇
= [1,0], 𝑙 = 1, 𝑟. 

Equations (19) and (20) are equivalent with respect to outputs 𝜃𝑙(𝑡) and 𝜏𝑙(𝑡), 
since they are vector-matrix forms of the same equations:  

           (𝑝𝑛−𝑚 +
𝑏𝑙1

𝜇𝑙
𝑝𝑛𝑙−𝑚𝑙−1+. . . +

𝑏𝑛𝑙−𝑚𝑙

𝜇𝑙
𝑛𝑙−𝑚𝑙

) 𝜃𝑙(𝑡) = 𝑝𝑛𝑙−𝑚𝑙𝑣𝑙(𝑡), 

             (𝑝 +
𝑑1𝑙

𝜇𝑙
𝑝 +

𝑑2𝑙

𝜇𝑙2
) 𝜏𝑙(𝑡) = 𝑝

2𝜁𝑙(𝑡),  𝑙 = 1, 𝑟. 

Taking into account (6), (17), and (20), equation (11) will take the form  

                              𝑒𝑙(𝑡) = −𝜇𝑙𝐿2𝑤𝑙(𝑡),  𝑙 = 1, 𝑟.                           (21)                                        

Let us take the Lyapunov function  

𝑉𝑙(𝑡) = 𝜂𝑙
𝛵(𝑡)𝐻𝑙𝜂𝑙(𝑡) + 𝑤𝑙

𝛵(𝑡)𝐻1𝑙𝑤𝑙(𝑡),  𝑙 = 1, 𝑟, 
where the positive definite matrices 𝐻𝑙  and 𝐻1𝑙  are solutions to the equations 

                           𝐻𝑙𝐹𝑙 + 𝐹𝑙
𝛵𝐻𝑙 = −2𝜌1𝑙𝐼, 𝐻1𝑙𝐹𝑙 + 𝐹𝑙

𝛵
𝐻1𝑙 = −2𝜌2𝑙𝐼𝑙 ,  𝑙 = 1, 𝑟,

  

 and calculate the total derivative on the trajectories of the system  

𝑉̇𝑙(𝑡) = −2
𝜌1𝑙

𝜇𝑙
|𝜂𝑙(𝑡)|

2 − 2
𝜌2𝑙

𝜇𝑙
|𝑤𝑙(𝑡)|

2 − 2𝜂𝑙
𝛵(𝑡)𝐻𝑙𝑝𝑣𝑙(𝑡) − 𝑤𝑙

𝛵(𝑡)𝐻1𝑙𝑝𝑙𝜁𝑙(𝑡).   (22)                          
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Let us write equations (20) in the form  

                          

{
 
 

 
 
𝜇1𝑙𝜂̇𝑙(𝑡) = 𝐹𝑙𝜂𝑙(𝑡) − 𝜇2𝑙𝑏𝑙𝑝𝑣𝑙(𝑡), 

 𝜇1𝑙𝑤̇𝑙(𝑡) = 𝐹𝑙𝑤𝑙(𝑡) − 𝜇2𝑙𝑏𝑙𝑝𝜁𝑙 ,

(𝑝 + 𝑎𝑚𝑙)𝑦𝑙 = −𝜇2𝑙(𝑝 + 𝑎𝑚𝑙)𝐿2𝑙𝑤𝑙(𝑡), 

 𝜇1𝑙 = 𝜇2𝑙,  𝑙 = 1, 𝑟

                                     (23)        

Let us use Lemma [7]. 

 

Lemma [7]. If the system is described by the equations  

𝑥̇ = 𝑓(𝑥, 𝜇1, 𝜇2),   𝑥 ∈ 𝑅
𝑛 ,   

𝜇 = 𝑐𝑜𝑙(𝜇1, 𝜇2),  𝑓(𝑥, 𝜇1, 𝜇2) −  is a continuous function, Lipschitzian with respect to 

𝑥, and when 𝜇2 = 0 has a bounded closed region of dissipativity 𝛺 = {𝑥: 𝐹(𝑥) < 𝐶}, 
where 𝐹(𝑥) is a positive definite, continuous, piecewise smooth function, then there 

exists 𝜇0 > 0 such that when 𝜇1 < 𝜇0 и 𝜇2 < 𝜇0, the initial system has the same dissi-

pativity region 𝛺, if for some numbers 𝐶 > 0,  𝜇
1
> 0, 𝜇2 = 0 the condition 

 

𝑠𝑢𝑝
|𝜇1|≤𝜇1

((
𝜕𝐹(𝑥)

𝜕𝑥
)
𝛵

𝑓(𝑥, 𝜇1, 0)) ≤ −𝐶,  𝐹(𝑥) = 𝐶 

is satisfied. 

In this case, if 𝜇𝑙2 = 0  in (23), then this is equivalent to all derivatives being 

measured and two exponentially stable systems being added  

𝜇𝑙1𝜂̇𝑙(𝑡) = 𝐹𝑙𝜂𝑙(𝑡), 𝑤̇𝑙(𝑡) = 𝐹𝑙𝑤𝑙(𝑡). 
As already proven, in this case all variables in the system are bounded and the 

conditions of the lemma are satisfied. In other words, in the region 𝛺 𝑒𝑙(𝑡) →
0, |𝑣𝑙(𝑡)| < 𝑘1𝑙 ,  |𝜁𝑙(𝑡)| < 𝑘2𝑙, and from (8) and (15) it follows that |𝑝𝜁𝑙(𝑡)| < 𝑘3𝑙, 
|𝑝𝑣𝑙| < 𝑘4𝑙, where 𝑘1𝑙 , 𝑘2𝑙 , 𝑘3𝑙 , 𝑘4𝑙 − are some positive constants. Let us show that in 

the case of 𝜇2𝑙 ≠ 0or more precisely, when𝜇1𝑙 < 𝜇0𝑙 и 𝜇2𝑙 < 𝜇1𝑙, the region of dissi-

pativity will be . 𝛺𝑙 . 
Let us 𝜇1𝑙 = 𝜇2𝑙 = 𝜇𝑙𝑙  in (23) and, substituting them into (22), use the estimates 

−2𝜂𝑙
𝛵(𝑡)𝐻𝑙𝑝𝑣𝑙(𝑡) ≤

1

𝜇𝑙
|𝜂𝑙(𝑡)|

2 + 𝜇𝑙‖𝐻𝑙‖
2|𝑝𝑣𝑙(𝑡)|

2 ≤
1

𝜇𝑙
|𝜂𝑙(𝑡)|

2 + 𝜇𝑙‖𝐻𝑙‖
2𝑘3𝑙

2 , 

−2𝑤𝑙
𝛵(𝑡)𝐻1𝑙𝑝𝜁𝑙(𝑡) ≤

1

𝜇𝑙
|𝑤𝑙(𝑡)|

2 + 𝜇𝑙‖𝐻1𝑙‖
2𝑘4𝑙

2 ,  𝑙 = 1, 𝑟.    

Substituting these estimates into (22), we obtain the inequality 

 

𝑉̇𝑙(𝑡) ≤ −
𝜌1𝑙
𝜇𝑙
|𝜂𝑙(𝑡)|

2 −
𝜌2𝑙
𝜇𝑙
|𝑤𝑙(𝑡)|

2 −
1

𝜇𝑙
(𝜌1𝑙 − 1)|𝜂𝑙(𝑡)|

2 −
1

𝜇𝑙
(𝜌2𝑙 − 1)|𝑤𝑙(𝑡)|

2 + 

+𝜇𝑙(‖𝐻𝑙‖
2𝑘3𝑙

2 + ‖𝐻1𝑙‖
2𝑘4𝑙

2 ),  𝑙 = 1, 𝑟. 

By choosing 𝜌1𝑙 > 1 и 𝜌2𝑙 > 1, we obtain 

                              𝑉̇𝑙(𝑡) ≤ −
𝜌1𝑙

𝜇𝑙
|𝜂𝑙(𝑡)|

2 −
𝜌2𝑙

𝜇𝑙
|𝑤𝑙(𝑡)|

2 + 𝜇𝑙𝛽3𝑙,                          (24) 

where 𝛽3𝑙 = ‖𝐻𝑙‖
2𝑘3𝑙

2 + ‖𝐻1𝑙‖
2𝑘4𝑙

2 . Where should one go  
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                                     𝑉̇𝑙(𝑡) ≤ −𝛽1𝑙𝑉𝑙(𝑡) + 𝜇𝑙𝛽3𝑙,                                (25)   

where   𝛽𝑙1 = 𝑚𝑖𝑛 {
𝜌1𝑙

𝜇𝑙𝜆(𝐻𝑙)
;

𝜌2𝑙

𝜇𝑙𝜆(𝐻1𝑙)
}, 𝜆(⋅) − the maximum eigenvalue of the corre-

sponding matrix. From (25) we have  𝑉𝑙(𝑡) ≤
𝜇𝑙𝛽3𝑙

𝛽1𝑙
. 

Taking into account the inequality |𝑤𝑙(𝑡)|
2 ≤

1

𝜆𝑙(𝐻1𝑙)
𝑉𝑙(𝑡) ≤

𝜇𝑙𝛽𝑙

𝛽1𝑙
 из from the 

third equation (23), we have |𝑒𝑙(𝑡)| ≤ 𝜇𝑙|𝑤𝑙(𝑡)| ≤ 𝜇𝑙√
𝜇𝑙𝛽3𝑙

𝛽1𝑙
. From this, we can see that 

for any 𝛿𝑙 > 0  in (3), there exists 𝜇0𝑙 such that the target condition (3) will be satisfied.  

4 Numerical example 

Consider a multi-chanal plant consisting of three control agents, whose dy-

namic processes are described by differential equations  

(𝑝4 + 𝑎1𝑙𝑝
3 + 𝑎2𝑙𝑝

2 + 𝑎3𝑙𝑝 + 𝑎4𝑙)𝑦1𝑙(𝑡) = (𝑏0𝑙𝑝 + 𝑏1𝑙)𝑢1 + (𝑐1𝑙𝑝 + 𝑐2𝑙)𝑓𝑙(𝑡) + 

+(𝑛1𝑙𝑝
3 + 𝑛2𝑙𝑝

2 + 𝑛3𝑙𝑝 + 𝑛4𝑙)𝑦𝑗(𝑡 − ℎ𝑙),   𝑙 = 1,3, 𝑗 = 1,3,   𝑗 ≠ 𝑙. 

The task of decentralized agent control, as noted in assumption 2, is solved 

under conditions of parametric uncertainty.  

The uncertainty class is defined by the following inequalities:  

:   −2 ≤ 𝑎𝑞𝑙 ≤ 8,   1 ≤ 𝑏0𝑙 ≤ 20,   1 ≤ 𝑏1𝑙 ≤ 20,  −1 ≤ 𝑐1𝑙 ≤ 15, −1 ≤

𝑐2𝑙 ≤ 15, −10 ≤ 𝑛𝑞𝑙 ≤ 10, 𝑞 = 1,4, 𝑙 = 1,3.  

The equations of the reference agent models are as follows: 

(𝑝 + 3)3𝑦𝑚1(𝑡) = 15𝑔1(𝑡)), 

(𝑝 + 2)3𝑦𝑚2(𝑡) = 10𝑔2(𝑡),  
                                    (𝑝 + 4)3𝑦𝑚3(𝑡) = 12𝑔3(𝑡), 
                        𝑔1(𝑡) = 𝑠𝑖𝑛1.7𝑡, 𝑔2(𝑡) = 𝑠𝑖𝑛2𝑡, 𝑔3(𝑡) = 𝑠𝑖𝑛4𝑡. 
Following the control algorithms proposed in this paper, we select: 

 

• polynomials 𝑇1(𝜆) = (𝜆 + 3)
2 𝑇2(𝜆) = (𝜆 + 2)2, 𝑇1(𝜆) = (𝜆 + 4)

2, 𝛽𝑙 =

20, 𝜇𝑙 = 0,01, 𝑙 = 1,3. 

•  auxiliary loop in the form of  

                                      (𝑝 + 3)𝑒1(𝑡) = 20𝑣1(𝑡), 

                                   (𝑝 + 2)𝑒2(𝑡) = 20𝑣2(𝑡),   

                                   (𝑝 + 4)𝑒3(𝑡) = 20𝑣3(𝑡);  

  •       observer equations in the form  
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{
 
 

 
 𝜉̇𝑙1(𝑡) = 𝜉𝑙2(𝑡)+

6

𝜇𝑙
(𝑣𝑙(𝑡)− 𝜉𝑙1(𝑡)),

𝜉̇𝑙2(𝑡) =
8

𝜇𝑙
2 (𝑣𝑙(𝑡)− 𝜉𝑙1(𝑡))

𝑣𝑙(𝑡) = 𝜉𝑙1(𝑡), 𝑙 = 1,3,

         

   

       {
𝑧̇𝑙(𝑡) =

3

𝜇𝑙
(𝜁𝑙(𝑡) − 𝑧𝑙(𝑡)), 

𝜁𝑙(𝑡) = 𝑧𝑙(𝑡),   𝑙 = 1,3.
   

•  control actions in the form of 

𝑢1(𝑡) = 𝜉11(𝑡) + 6𝜉21(𝑡) + 9𝜉2̇1(𝑡), 

𝑢2(𝑡) = 𝜉12(𝑡) + 4𝜉22(𝑡) + 4𝜉2̇2(𝑡), 

𝑢3(𝑡) = 𝜉13(𝑡) + 8(𝑡) + 16𝜉2̇1(𝑡), 
 

𝑣1(𝑡) = −0.05(3𝜁1(𝑡) + 𝑧̇1(𝑡)), 

𝑣2(𝑡) = −0.05(2𝜁2(𝑡) + 𝑧̇2(𝑡)), 

𝑣3(𝑡) = −0.05(4𝜁3(𝑡) + 𝑧̇3(𝑡)). 
 

The proposed control algorithms were simulated in the Simulink package of the 

Matlab environment for a plant of three control agents, whose mathematical models are 

represented as follows: 

(𝑝4 − 4𝑝3 + 4𝑝2 − 4𝑝 + 4)𝑦1(𝑡) = (7𝑝 + 5)𝑢1 + (3𝑝 + 1)𝑓1(𝑡) + 
+(3𝑝2 + 3𝑝 + 3)𝑦1(𝑡 − 2) + (𝑝

3 + 2𝑝2 + 𝑝 + 1)(𝑦2(𝑡 − 2) + 𝑦3(𝑡 − 2)), 
 

(𝑝4 − 2𝑝3 + 8𝑝2 − 𝑝 − 2)𝑦2(𝑡) = (𝑝 + 5)𝑢2 + (𝑝 + 1)𝑓2(𝑡) + 
+(−𝑝 + 2)𝑦2(𝑡 − 2) + (5𝑝

3 + 2𝑝2 + 3𝑝 + 1)(𝑦1(𝑡 − 2) + 𝑦3(𝑡 − 2)), 
 

(𝑝4 − 4𝑝3 + 4𝑝2 − 𝑝 + 1)𝑦3(𝑡) = (3𝑝 + 1)𝑢3 + (𝑝 + 4)𝑓3(𝑡) + 
+(4𝑝2 + 𝑝 + 1)𝑦3(𝑡 − 2) + (𝑝

3 + 2𝑝2 − 𝑝 + 1)(𝑦1(𝑡 − 2) + 𝑦2(𝑡 − 2)). 
 

 Fig. 1 shows the tracking errors 𝑒1(𝑡), 𝑒2(𝑡), 𝑒3(𝑡) trajectories. 
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Fig. 1. Tracking error trajectories 

      

 

Fig. 2 shows the tracking the trajectories of reference models 

𝑦𝑚1(𝑡), 𝑦𝑚2(𝑡), 𝑦𝑚3(𝑡). 
 

 

Fig. 2. Tracking the trajectories of reference models 
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Fig. 3 shows the tracking the trajectories of control actions 

 

 

 

 

Fig. 3. Tracking the trajectories of control actions 

 

 The computer simulation results shown in the figures demonstrate the good per-

formance of a decentralized multi-channel system that takes into account delays, cross-

signals, external disturbances, and a priori uncertainty in the parameters of the plant 

agents. 

5 Conclusion 

 

The paper proposes a novel robust decentralized control system for a multi-

channel linear plant with delay. Each agent of the plant compensates for external and 

internal disturbances using the auxiliary loop method. Based on the estimates of dis-

turbances, control actions are generated to achieve the control goal with a specified 

accuracy. The structure of the synthesized system is such that the isolated disturbance 

signal contains information not only about the parametric uncertainty of the plant 

model, but also about the time delay, cross-connections, and external disturbances 
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affecting each agent individually. The Lyapunov function method was used to prove 

stability. A numerical example was considered for a linear multi-channel system with 

time delay under external disturbances and interval uncertainty in the control system. 

The results of computer modeling in the Simulink package of the Matlab environment 

confirmed the theoretical findings and demonstrated good performance of the control 

system. This approach can be applied and extended to other multi-channel control 

plants, in particular, agents that are described by nonlinear, non-stationary differential 

equations with and without delay, as well as for the case of non-identical agents with 

equal relative degrees of agent models. 
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    s u p   |   𝜇 1 | ≤     𝜇 1 ¯  (    (   𝜕 F ( x )  𝜕 x )  𝛵 f ( x ,   𝜇 1 , 0 ) ) ≤ − C


  F ( x ) = C


    𝜇  l 2 = 0


    𝜇  l 1     𝜂 .  l  ( t ) =   F  l   𝜂  l  ( t ) ,       w .  l ( t ) =     F ¯  l   w  l ( t )


  𝛺


    e  l ( t ) → 0 ,    |   v  l ( t ) | <   k  1 l ,    |   𝜁  l ( t ) | <   k  2 l


     | p   𝜁  l ( t ) | <   k  3 l


   | p   v  l | <   k  4 l


    k  1 l ,   k  2 l ,   k  3 l ,   k  4 l −


    𝜇  2 l ≠ 0


    𝜇  1 l <   𝜇  0 l


    𝜇  2 l <   𝜇  1 l


    𝛺  l .


    𝜇  1 l =   𝜇  2 l =     𝜇  l  l  


  − 2     𝜂  l  𝛵  ( t )   H  l p   v  l  ( t ) ≤  1    𝜇  l    |   𝜂  l  ( t ) | 2 +   𝜇  l    ‖   H  l ‖ 2    | p   v  l  ( t ) | 2 ≤  1    𝜇  l    |   𝜂  l  ( t ) | 2 +   𝜇  l    ‖   H  l ‖ 2   k  3 l 2 ,


  


      V .  l ( t ) ≤ −     𝜌  1 l    𝜇  l    |   𝜂  l ( t ) | 2 −     𝜌  2 l    𝜇  l    |   w  l ( t ) | 2 −  1    𝜇  l (   𝜌  1 l − 1 )    |   𝜂  l ( t ) | 2 −  1    𝜇  l (   𝜌  2 l − 1 )    |   w  l ( t ) | 2 +


  


  By   choosing     𝜌  1 l > 1


    𝜌  2 l > 1


      V .  l ( t ) ≤ −     𝜌  1 l    𝜇  l    |   𝜂  l ( t ) | 2 −     𝜌  2 l    𝜇  l    |   w  l ( t ) | 2 +   𝜇  l   𝛽  3 l


    𝛽  3 l =    ‖   H  l ‖ 2   k  3 l 2 +    ‖   H  1 l ‖ 2   k  4 l 2


      V .  l ( t ) ≤ −   𝛽  1 l   V  l ( t ) +   𝜇  l   𝛽  3 l


    𝛽  l 1 =   m i n ⁡   {     𝜌  1 l    𝜇  l   𝜆 ¯ (   H  l ) ;     𝜌  2 l    𝜇  l   𝜆 ¯ (   H  1 l ) }


    𝜆 ¯  ( ⋅ ) −  


    V  l ( t ) ≤     𝜇  l   𝛽  3 l    𝛽  1 l


     |   w  l ( t ) | 2 ≤  1      𝜆  l ¯ (   H  1 l )   V  l ( t ) ≤     𝜇  l   𝛽  l    𝛽  1 l


   |   e  l ( t ) | ≤   𝜇  l  |   w  l ( t ) | ≤   𝜇  l      𝜇  l   𝛽  3 l    𝛽  1 l


    𝛿  l > 0


    𝜇  0 l


  (   p 4 +   a  1 l   p 3 +   a  2 l   p 2 +   a  3 l p +   a  4 l )   y  1 l ( t ) = (   b  0 l p +   b  1 l )   u 1 + (   c  1 l p +   c  2 l )   f  l ( t ) +


    − 2 ≤   a  q l ≤ 8 ,     1 ≤   b  0 l ≤ 20 ,     1 ≤   b  1 l ≤ 20 ,     − 1 ≤   c  1 l ≤ 15 ,   − 1 ≤   c  2 l ≤ 15 ,   − 10 ≤   n  q l ≤ 10 , q =   1 , 4 ¯ ,   l =   1 , 3 . ¯


   ( p + 3  ) 3   y  m 1  ( t ) = 15   g 1  ( t ) ) ,


   ( p + 2  ) 3   y  m 2  ( t ) = 10   g 2 ( t ) ,  


   ( p + 2  ) 3   y  m 2  ( t ) = 10   g 2 ( t ) ,  


                                                                          ( p + 4  ) 3   y  m 3  ( t ) = 12   g 3  ( t )


    g 1  ( t ) = s i n 1 . 7 t ,     g 2  ( t )   = s i n 2 t ,   g 3  ( t ) = s i n 4 t .


    T 1 ( 𝜆 ) =   ( 𝜆 + 3 ) 2


    T 2  ( 𝜆 ) =    ( 𝜆 + 2 ) 2 ,     T 1  ( 𝜆 ) =    ( 𝜆 + 4 ) 2 ,


    𝛽  l = 20


    𝜇  l = 0 , 01 ,   l =   1 , 3 ¯ .


  ( p + 3 )     e ¯ 1 ( t ) = 20   v 1 ( t )


                                                                         ( p + 2 )     e ¯ 2  ( t ) = 20   v 2  ( t )


     


                                                                        ( p + 4 )     e ¯ 3 ( t ) = 20   v 3 ( t ) ;


   {        𝜉 .  l 1 ( t ) =   𝜉  l 2  ( t ) +  6    𝜇  l  (   v  l  ( t ) −   𝜉  l 1 ( t ) ) ,       𝜉 .  l 2  ( t ) =  8    𝜇  l 2  (   v  l  ( t ) −   𝜉  l 1  ( t ) )       v ¯  l  ( t ) =   𝜉  l 1  ( t ) ,   l =   1 , 3 ¯ ,


   {         z .  l ( t ) =  3    𝜇  l (   𝜁  l ( t ) −   z  l ( t ) ) ,          𝜁  l ¯ ( t ) =   z  l ( t ) ,     l =   1 , 3 ¯ .    


    u 1  ( t ) =   𝜉 11  ( t ) + 6   𝜉 21  ( t ) + 9     𝜉 . 21  ( t ) ,


    u 2  ( t ) =   𝜉 12  ( t ) + 4   𝜉 22  ( t ) + 4     𝜉 . 22  ( t ) ,


 


    v 2  ( t ) = − 0 . 05  ( 2   𝜁 2  ( t ) +     z . 2  ( t ) ) ,


    v 3 ( t ) = − 0 . 05 ( 4   𝜁 3 ( t ) +     z . 3 ( t ) ) .


    v 3 ( t ) = − 0 . 05 ( 4   𝜁 3 ( t ) +     z . 3 ( t ) ) .


  (   p 4 − 4   p 3 + 4   p 2 − 4 p + 4 )   y 1 ( t ) = ( 7 p + 5 )   u 1 + ( 3 p + 1 )   f 1 ( t ) +


   (   p 4 − 2   p 3 + 8   p 2 − p − 2 )   y 2  ( t ) =  ( p + 5 )   u 2 +  ( p + 1 )   f 2  ( t ) +


   (   p 4 − 4   p 3 + 4   p 2 − p + 1 )   y 3  ( t ) =  ( 3 p + 1 )   u 3 +  ( p + 4 )   f 3  ( t ) +


    e 1 ( t ) ,   e 2 ( t ) ,   e 3 ( t )


    y  m 1 ( t ) ,     y  m 2 ( t ) ,   y  m 3 ( t )


    H ∞  

