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Abstract: This paper proposes a transient stability analysis of the multi-machine power systems. Rotor angle stability refers to 
the ability of synchronous machines to a power system to remain in synchronism after being subjected to a disturbance. It 
assumes a Single Machine Infinite Bus and two Machine Power System connected with a transmission line lossy are 
investigated. The linearized dynamical equations of the multi-machine power system are obtained near to an equilibrium point, 
and it can stabilize by using decentralized constrained optimal control. The relationship between the open-loop poles and the 
closed-loop poles that guarantee a positive regulator and quadratic is gaining stability. The feedback gains matrices can be 
achieved by applying the corresponding Riccati equations approach to each machine with bounded constraints. A successful 
strategy for control of large-scale power systems must satisfy these conditions to become robust and decentralized in terms of 
gain; phase margins and tolerance to the nonlinearity inside the subsystems. The numerical simulation test of the multi-machine 
power system showed the results. This study found that a decentralized control strategy that improves the rotor angle stability 
of the multi-machine power system is satisfied. The paper designed computation and simulation as a method to achieve the 
final results. 

Keywords: Rotor angle, multimachine power systems, decentralized constrained optimal control, linear, quadratic regulator, 
subsystem. 

1. Introduction 

Interconnection has led to increased security since, and high systems efficiency since each generator could be 
utilized to a large extent. Rotor Angle Stability (RAS) refers to the ability of synchronous machines to remain in 
synchronism after being subjected to a disturbance [1] [2]. It is a dynamic phenomenon associated with changes 
in active power flows that create an angular separation between synchronous units in the systems. It has been a 
dominant stability problem in power systems.  Hence, it becomes more challenging to assure the security of power 
systems [1]. RAS depends on the initial operating state because of the severity of the disturbance on the 
synchronous machine. RAS can be further divided into small stability and large-signal transient stability.  

The leading cause of widespread blackouts is large rotor angle deviations. In some generators, it disturbs the 
balance between because of the complexity and nonlinearity of power overloads or any desperation in the system 
and oscillations in the rotor angle. The aim is to improve the RAS of the multimachine power system connected 
to keep the equipment operational after disturbances [1]. In interacting subsystems, it may not be workable to 
establish information flow between all control agents. For such systems, it is more desirable to have the same form 
of decentralization where each control input is constructed in terms of only those outputs available to the 
corresponding local control because of the communication and computational limitation [3] [4]. Based on inverse 
optimal control methods, strategies of these controls, and the perspective of the impact on the multimachine system 
and nonlinear behavior are examined. 

Optimal control emerged as one of the fundamental design philosophies of modern control systems [5] [6]. The 
controller of a multivariable is said to be centralized if at least two of its outputs exchange information, otherwise, 
if there is no exchange of information, it is said to be decentralized control. The basic concept of the decentralized 
control is a local interaction between components of a system with the established order and coordination to 
achieve global goals without a central commanding influence, in another word, the overall system is no longer 
controlled by one controlled built by several independent local controllers incorporated in each component [7]. In 
the DC (decentralized control) solution, the goal is to achieve good performance by designing local feedback 
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policies. Although the optimal control concept has many advantages, it is also a complex way of solving nonlinear 
problems. 

Various methods have been used to improve RAS during the last decades. Karady and Mansour studied generator 
tripping based on a tracking rotor angle, where he used two algorithms to determine stability and operation 
conditions [8]. 
Rajapakse proposed RAS prediction using post-disturbance and enumerated estimation of the proximity of the 
post-fault and predicted stability status using the classifier [9]. Ahmed implemented generator RAS prediction 
using an adaptive artificial neural network for dynamic security assessment. He based his analysis on a prediction 
of each generator stability status under contingency to a certain level of load [10]. Jie monitored RAS in the wide-
area proposed a phasor measurement unit online based on the maximal Lyapunov exponent [11]. 

Zairong designed a nonlinear decentralized controller using the Hamiltonian function method with a saturated 
steam valve and excitation controller in the power system [12]. Hongyin proposed a nonlinear robust decentralized 
by using a linear matrix inequality approach for different operating points and fault locations to operate cost 
performance by different operating points and fault locations [13]. Rotkowitz and Sanjay designed an optimal 
decentralized controller using convex problems to minimize closed-loop norms and feedback systems subjected 
to constraints [14]. Huang introduced quadratic invariance to preserve a general framework for both continuous 
and discrete-time for a stable or unstable system for any norm [13]. Qiang proposed a new nonlinear decentralized 
disturbance attenuation excitation control for MMPS (multimachine power system) based on a recursive design 
with linearization treatment, showed to improve the robustness system to dynamic uncertainties and also attenuates 
bounded exogenous disturbance on the power system to enhance transient stability [15].  

Xuncheng designed a new model of excitation DCC (decentralized constrained controller) of MMPS based on the 
optimal feedback gain [15]. Elloumi compares two DC laws implemented MMPS, and it presented two aspects 
which are linear DC, the gains depend on the nonlinearity of the system and the successive approximation approach 
to determine two-point boundary value [16]. Hongshan proposes a fast excitation predictive control method for 
MMPS based on the dynamic model and some inequality constraints on state inputs and outputs in rolling 
optimization by using Gramian balanced reduction technique with improvement in the stability of PS (power 
system) [17]. Song reported a novel DC strategy for large PSS (power system stability) enhancement based on 
practical concepts that specific variable control needs only local information to improve the overall system 
performance [18]. Rim designed Takagi-Sugeno controller for a single machine infinite bus PS to analyze transient 
stability under severe disturbance, based on the linear fuzzy model, the feedback gain is determined by a linear-
quadratic instructor [19]. Abouelsoud proposed a stabilizing controller for single machine power systems with a 
nonzero conductance of transmission line based on an observer to estimate power angle of the system, the stability 
of the reduced-order observer and closed-loop of the system incorporating using the Lyapunov direct method [20].  

Vinodh and Jovitha presented an analytical approach for solving the weighting matrix, a selection problem of a 
Linear Quadratic Regulator for trajectory tracking application, chose LQR (linear, quadratic regulator) controller 
based on a trial-and-error approach to determine the optimum state feedback controller gains [21]. Karanjit 
proposed a novel decentralized dynamic output feedback controller to deal with the transient stability of a class of 
an MMPS. He uses local sliding mode observers to estimate the states of each local controller is obtained by 
solving two linear matrix inequalities [22]. Elkhateeb introduced a systematic optimization approach to find a 
constrained linear feedback state control to a linearized version of a lower power gas turbine model. It adopts the 
discretized model and constrained problem in the linear programming technique. The control law guarantees the 
positive invariance conditions of constraints polytope bounded along the trajectory of the closed-loop systems 
[23]. 

Hosni and Selwa investigated the problem of decentralized robust stabilizing control approach of a polynomial 
uncertain interconnected system associated with a quadratic approach, based on direct Lyapunov methods and 
Kronecker reduction production notation [24]. Lu designed a new approach for solving decentralized optimal 
control for large-scale PS, and each subsystem is controlled only by its variables. The cost function for each 
subsystem is minimized, and interacting effects between the subsystems are not ignored in driving the control 
strategy [25]. Jocic and Siljak proposed a multimachine model with non-uniform damping and transfer 
conductance. He pairwise decomposed it into many interconnected subsystems which each reference of the 
machine as a common part, based on Luré-Postkinov type of subsystem stability analysis and vector Lyapunov 
functions application to compute stability of region estimates for the overall multimachine model [4]. Ohtsuka 
proposed a method for MMPS, and the first step is to solve the corresponding centralized control system, LQR or 
H-infinity regulator applies to control the system. One can examine the relative effects of the control gains and 
eliminate those that are small [26]. Xuncheng proposed DC interconnected PS under the larger failure in real and 
reactive loads in the system model, based on the optimal damping ratio, he used left-half plane pole configuration 
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to achieve a grid isolated DC which could suppress power oscillations effectively. Mahmud presented a robust 
nonlinear excitation controller design for synchronous generators in an MMPS to enhance the transient stability, 
based on the partial feedback linearization using reduced-order linear subsystems and autonomous subsystems 
[27].  

Siljak presented past and present activities in large-scale interconnected systems, with an emphasis on 
dimensionality information structure constraints and uncertainty, based on the decomposition of a large-scale 
system and parallel computation using modern multi-processor architectures [29]. Mehdi and Nasser proposed 
Optimal Control of large-scale uncertain dynamic systems with time delays in states based on a two-level strategy. 
Proposed to decompose the large-scale system into several interconnected subsystems at the first level. Got by 
minimization of the convex performance indices in the presence of uncertainties and interaction, feedback, the 
solution is achieved by bounded data uncertainty problems, where the uncertainties, are only needed to be bounded, 
and it is not required to satisfy the so-called matching conditions. Second, a level substitution-type interaction 
prediction method is used to update the interaction parameters between subsystems [29]. Tao proposed an OC 
problem for large-scale systems with unknown parameters and dynamics. He used robust adaptive dynamic 
programming method, a decentralized optimal control with unmatched uncertainties, and the convergence of the 
robust adaptive dynamic programming algorithm and asymptotic stability of the closed-loop large-scale system to 
carry out the study [30].  

2. Model and Problem Formulation 

The model formulates multimachine power systems comprising generators interconnected through a transmission 
line, which is assumed to be lossy. The dynamics of the ith generators are described with excitation as presented 
by [32] [33]. 
 𝛿�̇� = 𝜔  𝜔𝑖̇ = − 𝑚𝑖𝑖 + 𝑖 −                                                                                                                                   (1)          

  𝑖̇ = 𝜏𝑖 (− + + ), ∈ ̅ ≔ { ,……………………… }                                                                     

The active Pei and reactive Qei powers, as well as the voltage Eqi, are defined as:  = 𝐼  = 𝐼  

 = + ( − , )𝐼 = 𝐼                                                                                                                       (2) 

The interconnects between machines are given by the currents: 

𝐼 =∑= ( cos 𝛿 + sin 𝛿 ) 
          𝐼 = ∑ = ( sin 𝛿 − cos 𝛿 )                                                                                                  (3)                              

Where 𝛿 = 𝛿 − 𝛿 ,  is the conductance and  is the susceptance both in p.u resulting from the 
computation of the network admittance matrix. Developing the sums when =  and recalling the identities [33] 
[34]. 

The network admittance through conductance and susceptance: = √ +  

𝛼 = tan−  

cos 𝛿 + sin 𝛿 = sin(𝛿 + 𝛼 ) sin 𝛿 − cos 𝛿 = cos(𝛿 + 𝛼 ) 
Yields 
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The current in quadratic and direct axis:  

𝐼 = +∑= ( cos 𝛿 + sin 𝛿 ) 
𝐼 = − + ∑ = ( sin 𝛿 − cos 𝛿 )                                                                                         (4)                              

Finally, combining results (1) and (4) in the well -known compact form. 

The dynamic equation of the third-order model  𝛿�̇�, 𝜔𝑖̇ , 𝑖̇  becomes: 𝛿�̇� = 𝜔  

𝜔𝑖̇ = − 𝜔 + − − 𝑑 ∑= sin(𝛿 + 𝛼 ) 
𝑖̇ = − + ∑ = cos(𝛿 + 𝛼 ) + 𝜏𝑖 ( + )                                                                                   (5)                              

With the positive constants: = 𝑚𝑖𝑖  , = 𝑑  , = 𝑑  , 𝑑 = 𝑖 = 𝜏𝑖 ( − ( − , ) ),  = 𝜏𝑖 ( − , ) 
Similarly, observe that ,  >   = 𝛼  , and that if = , =   . 

The paper assumes that the model with =  has stable equilibrium points (𝛿𝑖∗̇ , , 𝑖∗̇ ) , and they find the 
control law  such that in closed-loop. 

 Find the equilibrium point during the steady-state 
 Constraints stability 
 Closed-loop 
 Decentralized control 

3. Stabilization with state constraints 

Let us consider a continuous-time Linear Time-Invariant system: ̇ = +                                                                                                                                                 (6) ∈ ℝ , ∈ ℝ , ,  is controllable pair and symmetric constraint state and control sets [35] [35] [20]. 

𝑥 = { ∈ ℝ :−𝜔𝑥 ≤ 𝑥 ≤ 𝜔𝑥}                                                                                                                         (7) 

𝑢 = { ∈ ℝ :−𝜔𝑢 ≤ 𝑥 ≤ 𝜔𝑢}                                                                                                                         (8)                              

𝑥 ∈ ℝ ×  , 𝑢 ∈ ℝ ×   are both full row rank, it considers the problem of designing a state feedback controller. = −𝐾                                                                                                                                                             (9)                              𝐾 is gain 

Such that the closed-loop system ̇ =                                                                                                                                                            (10) 

 Where = − 𝐾  is asymptotically stable, and both the state and control constraints (7), (8) are satisfied. This 
implies that the state Sx is Ac invariant. 

Where = 𝑥|                                                                                                                                                         (11) 
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𝑓 = [𝑓𝑓𝑓 ]                                                                                                                                                                 (12) 

𝑥 = [  
  𝛿𝛿𝛿 ]  

  
                                                                                                                                                              (13) 

= [ ] 
= [ ] 

𝐼 = [ ] 
G assumed as C and the system become: { ̇ = +=                                                                                                                                                            (14) − ≤ 𝛿 + 𝜔 + ≤  

During equilibrium point 𝜔 =0 

It means the constraints become − ≤ 𝜖𝛿 + ≤  

The gain K  

   𝛫 = 𝑅 𝐼 𝑅 𝐼 −                                                                                                                                            (15)                                

4. Design Controller 

The proposed controller is based on the algebraic Riccati equation for a stable regulator. Assumes that [A, B] is 
fully controllable and that B of full rank, the necessary and sufficient conditions for, = 𝑇 >  and  = 𝑇 ≧  are: 

 A closed-loop system  − 𝐾  is stable 
 𝐾 is a symmetric matrix 
 The matrix 𝐾  is positive definite 

5. Simulation Results 

The motion equation of the machine’s rotor can be described by: �̇� = 𝜔 �̇� = − 𝜔 + − − sin 𝛿 + 𝛼                                                                                                           (16) ̇ = − + cos 𝛿 + 𝛼 + +  

During the steady-state, all these parameters become as mentioned below to determine the equilibrium points:𝜔 =
;    𝛿 = 𝛿   ;  = ;  =    ; = ; 𝛼 = ;   = ;  𝛿  so that and   to be known and then 𝑓 =  <=> 𝑓 𝛿 , ,  ; the equation (23) becomes: { − sin 𝛿 =− + cos 𝛿 + =                                                                                                                                  (17)                              
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= 𝑓 + cos 𝛿                                                                                                                                                (18)                               − 𝑓 + cos 𝛿 sin 𝛿                                                                                                                              (19)                               cos 𝛿 = √ − 𝑛 𝛿     ; and   sin 𝛿 =  − 𝑓 + √ −                                                                                                                                 (20)                               − 𝑓 = √ −                                                                                                                                  (21)                              − 𝑓 = √ −                                                                                                                       (22)                              + ( 𝑓 − ) − 𝑃𝑌 + =                                                                                            (23)                                 

Considering a power system network represented by two machines connected to a transmission line is lossy as  

Shown below: 𝛿̇ = 𝜔  �̇� = − 𝜔 + − − sin 𝛿 − 𝛿 + 𝛼                                     ̇ = − + cos 𝛿 − 𝛿 + 𝛼 + +  𝛿 ̇ = 𝜔                                                                                                                                                                 (24)  𝜔̇ = − 𝜔 + − − sin 𝛿 − 𝛿 + 𝛼  ̇ = − + cos 𝛿 − 𝛿 + 𝛼 + +  

It determines the equilibrium points by assuming:𝜔 = ;𝜔 = ; =  ; =  

The computation of the parameters is: 𝛿  ; 𝛿   ;  ; . 

{  
  − − sin 𝛿 − 𝛿 + 𝛼 =− + cos 𝛿 − 𝛿 + 𝛼 + =− + sin 𝛿 − 𝛿 − 𝛼 =− + cos 𝛿 − 𝛿 + 𝛼 + =                                                                                              (25)                               

sin 𝛿 − 𝛿 + 𝛼 = 𝑃 −𝐺𝑌                                                                                                                            (26)                               cos 𝛿 − 𝛿 + 𝛼 = − 𝑓                                                                                                                           (27)                               

= 𝑃 −𝑃 +𝐺𝐺                                                                                                                                                (28)                               = ∗ [ ∗ − ] + 𝑓                                                                                                                        (29)                              

From (28) and (29) they obtain: =  ; =  = − + − =                                                                                                     (30)                               = ∗ [ − ] + 𝑓 − =                                                                                                   (31)                              

These equations solved by iteration to get equilibrium points of each machine and control all the subsystems are 
achieved in the above order. 
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Fig. 1. Two machine systems [32] 

6. Results and discussion 

These results are compared and discussed in a numerical procedure for the multimachine power systems. A 
decentralized system is one of the most convenient designations for this control of a large-scale system. The results 
concerning the linear or nonlinear system have successfully solved such complex problems. The present numerical 
simulation of the Single Machine Infinite Bus System (SMIB) and the two-machine systems are presented. 

6.1 Single Machine Infinite Bus 

The simulations carried out for the SMIB with lossy transmission line and constrained with a decentralized 
controller is solved. A three-phase fault introduced at 1 second the transmission line assumed lossy. Clearing time 
after 1.5 seconds of opening the circuit breakers at both ends of the line. The fig. 2 plot their rotor angle of the 
machine and also shown the fig. 3 rotor speed of the machine and also plotted the fig. 4 excitation system of the 
machine. As a show, they should plot the dynamic equation of the third model rotor angle versus time, rotor speed 
versus time, and excitation system versus time as output results of the proposed decentralized control design. The 
table. 1 [32], as the data used for computing a single machine infinite bus and getting results to an equilibrium 
point in the table. 2  [32] as shown and compared for different cases of conductance. 

The analysis assumes that when there are no losses, the conductance is null. The equilibrium points at the steady-
state after the fault is (𝛿𝑖∗̇ , , 𝑖∗̇ ) =  . , , .  , which verifies the conditions of the Single Machine Infinite 
Bus in dynamical model. 

 

Fig.2. Rotor angle of the single machine 
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Fig.3. Excitation system of the single machine 

 

Fig.4. The rotor speed of the single machine 

6. 2 Two machines System 

In this subsection, the present simulation results of the two machine systems in fig. 1. [32]. Here, the disturbance 
is a three-phase fault in the transmission line that connects buses 3 and 5, cleared by isolating the faulty circuit 
simultaneously at both ends. This changes the topology of the network, which is a consequence induced by changes 
in the equilibrium points. This equilibrium got after solving the nonlinear equation iteratively presented as 
in: (𝛿 ∗̇ , , ∗̇ ; 𝛿 ∗̇ , , ∗̇ ) = . , , . ; . , , . , which verifies the conditions of the two machine 
power systems connected. It presents numerical results of the parameters of the model (24) as the equation 
presented 𝛿 , 𝜔 , ; 𝛿 , 𝜔 , . The rotor angle of the machine number one in the fig. 5; the rotor speed of the 
machine number one in the fig. 6 and the excitation system of the machine number one in the fig. 7. They plot all  
versus times. 

The rotor angle of machine number two in Fig. 8.  Similarly, the rotor speed of machine number two in the fig. 9 
and the excitation system of the machine number two in a fig. 10. The plot all those parameters versus times. They 
show it that the decentralized control system is appreciably more robust than the centralized control system, the 
deviation of the decentralized nearest to the optimal performance index. The table. 3 [32] used as data for the 
generators of two machine power systems. 
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Fig.5. Rotor angle of machine #1 
 

 
 

Fig.6. Excitation system of machine #1 

 
Fig.7. The rotor speed of machine #1 
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Fig.8. Rotor angle of machine #2 
 

 
Fig.9. Excitation system of machine #2 

 
 
Fig.10. The rotor speed of machine #2 

7. Analysis of the Results 

This section analyzes the performance of the closed-loop systems, which is a three phase-fault considered on the 
line between bus 5 and 3 nearest bus 5. This is a great location of the fault in the transmission line system.  
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The fault is assumed to occur and cleared after 0.2 seconds, and 0.3 seconds it is known to be a conventional 
control system with: = ; = ; = , which cannot maintain the system stability if it clears the fault in 
0.27 seconds after fault occurrence. 
The optimal control decentralized feedback gain matrix 𝐾  is given time response 
of𝛿 ; 𝛿 ; 𝛿 ; 𝜔 ; 𝜔 ; 𝜔 ; ; ; . Are illustrated in the fig. 2 in the fig. 10 show the responses of the 
multimachine power system. The response curves in these figures show the advantage of the proposed control 
scheme. The simulation of the proposed control structure of the system under identical conditions leads to the 
following observations. The resulting rotor angles versus time, angular velocity versus time, and excitation system 
versus time are shown in fig .2 in Fig. 10. This control technique involves several independent local controllers 
decentralized through subsystem coordination. A local feedback controller is considered communicating among 
subsystems with constraint bounded. The advantage of a decentralized controller is reliable and expandable for 
each subsystem seems to achieve its objective. The decision is taken locally, and negotiation can take place in 
different actuators. They usually have different goals that are applied for the Single Machine System and Two 
Machine System. 
8. Conclusion 
This paper presents the improvement of the rotor angle stability for the multimachine power system. The main 
contribution and simulation results are based on the algebraic Riccati equation that uses the decentralized constraint 
optimal control to improve the stability of the multimachine power system. Regarding the different approaches, 
exploits, and computations, the following conclusion can be made.  
First, the stability of multimachine power systems for state constraints with bounded and closed-loop systems are 
in the open left-half plane pole. 

Second, the feedback state of each machine proposed the decentralized optimal controller to control itself. Keeping 
stability of the multimachine power systems considered lossy transmission line to measure and estimate its rotor 
angle. The stability of the overall closed-loop systems and the subsystem model results in local feedback matrices 
are determined only for subsystems. They have also shown that the proposed results yield necessary and sufficient 
conditions applied to constrain optimal control for a single and two machine power system and validating the 
results. It has not only stabilized the power system but also achieves the suboptimal control guaranteed, cost 
performance index for all parameters of generators.    
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Appendix. 

Table. 1   [32]. 

SMIB Parameters 

 

 

 

Table. 2   [32] 

 System parameters for different values of G 

 

 

 

 

 

 

 

 

Table. 3  [32] 

Parameters of the post fault system 

 

 

P  Y  a  b  
fE  

28.22 34.29 0.3341 0.1490 0.2405 

 Y  a  b                            E  

0.01771 34.3046 0.02915 0.1490 0.9122 0.9824 

0.0885 34.6526 0.1448 0.1506 0.4946 1.0815 

0.1771 35.7184 0.2838 0.1552 0.0870 1.1528 

Parameter  Gen 1 Gen 2  
a  16.7255 14.2937 

b  11.1059 9.4147 

Y  51.2579 36.6127 

iiG  28.9008 20.3936 

  0.5430 0.5430 

fE  5.8103 7.9279 

P  52.2556 48.4902 

G
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