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Abstract 
 
In this paper, impact of communication delay on distributed load frequency control (dis-LFC) of multi-
area interconnected power system (MAIPS) is investigated. Load frequency control (LFC), as one of 
ancillary services, is aimed at maintaining system frequency and inter-area tie-line power close to the 
scheduled values, by load reference set-point manipulation and consideration of the system 
constraints. Centralized LFC (cen-LFC) requires inherent communication bandwidth limitations, 
stability and computational complexity, as such, it is not a good technique for the control of large-scale 
and geographically wide power systems. To decrease the system dimensionality and increase 
performance efficiency, distributed and decentralized control techniques are adopted. In distributed 
LFC (dis-LFC) of MAIPS, each control area (CA) is equipped with a local controller and are made to 
exchange their control actions by communication with controllers in the neighboring areas. The delay 
in this communication can affect the performance of the LFC scheme and in a worst case deteriorates 
power system stability. To investigate the impact of this delay, model predictive controller (MPC) is 
employed in the presence of constraints and external disturbances to serve as LFC tracking control. 
The scheme discretizes the system and solves an on-line optimization at each time sample. The 
system is subjected to communication delay between the CAs, and the response to the step load 
perturbation with and without the delay. Time-based simulations were used on a three-area MAIPS in 
MATLAB/SIMULINK environment to verify the investigations. The overshoot and settling time in the 
results reveals deterioration of the control performance with delay.  Also, the dis-LFC led to zero 
steady states errors for frequency deviations and enhanced the MAIPS’ performance. With this 
achievement, MPC proved its constraints handling capability, online rolling optimization and 
ability to predict future behavior of systems. 
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INTRODUCTION 
 

Electrical power system is one of the largest, geographically 
expansive and most complex-engineered systems ever created [1]. 
Owing to this, real power systems are segregated into several 
interconnected subsystems best known as control areas (CA) as shown 
in Fig. 1. Each of the control areas has its own group of generators, 𝑃𝑃𝐺𝐺𝑖𝑖,𝑗𝑗  
(mostly three phase) which are directly responsible for its  exchanges 
of  power, Pij and loads 𝑃𝑃𝐿𝐿𝑖𝑖,𝑗𝑗 with adjacent CAs through the tie-lines [2]. 
Each of the subsystems exchange their predictions, information and 
measurement via communication, and at the same time incorporate 
information and coordinate with each other [3, 4]. In such multi-area 
interconnected power systems (MAIPS), there is scheduled power 
variations of the tie-line and undesired frequency due to discrepancy 
between the total generated power and load demands [5]. The 
generators may be forced out of synchronism, and eventually the 
system would collapse if the continous frequency deviation issues are 
not solved [6]. 

System frequency is one of the most substantial indicators of power 
quality, whose constancy is correlated to safety and efficacy of almost 

all electrical appliances [7]. To maintain system frequency and inter-
area tie-line power within acceptable limits, by manipulating the load 
reference set-points, load frequency control (LFC) is introduced. 
Effective tracking of  MAPS load demands, maintaining zero steady 
states errors for frequency deviations and performance enhancement 
are the main aims of LFC [8]. In LFC, these problems in the dynamical 
operation of MAIPS are theoretically defined as large-scale 
disturbamce with input and state constraints [5]. 

Analogous to the control of many other dynamical systems, LFC is 
achevived in either centralized or decentralized method in MAIPS. The 
centralized control, also known as supervisory control is the one in 
which a single controller measures all the outputs of the CAs, compute 
the control soution optimally and apply solution to all the actuators  of 
each of the CA of the network, within one sampling period [2, 7, 9, 10]. 

Conversely, in non-centralized control further classified as 
decentralized and distributed control, each CA is equipped with one 
controller which autonomously computes the optimal control solution 
and apply that action to the actuators in that particular CA. In the latter, 
there is communication between neighboring CAs, while in the former, 
such is missing while assuming negligible effects of the interconnection 
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[10]. In many situations, however, this assumption is illogical and 
abridge the performance of the whole control [11]. There is need for 
some communication levels between various controllers in a distributed 
patter in order to better closed-loop performance of the control. 

Fig. 1 MAIPS schematics. 

Previously, intelligent systems applications have received 
impressive attention in different areas of power systems such as 
planning, operations, management and control [12]. Numerous research 
publications [13, 14] have indicated the applications of intelligent 
systems to power systems or even control methodologies using fuzzy 
logic [15] and other intelligent controllers. Numerous control strategies 
have been proposed by several researchers in order to get an enhanced 
control performance. Shiroei et al. [16] developed a hierarchical two-
level LFC. Standard proportional-integral (PI) controllers were applied 
at the lower level, while MPC was applied at the higher level as a 
supervisory controller to ascertain the optimal setpoint in the 
lower level for the PI controllers. Centralized model predictive 
controller (c-MPC) was applied in [17] and model predictive load 
frequency control in [18]. In all these research works together with 
many others, centralized MPC is employed.  

Therefore, as power networks are large-scale systems, both 
computationally and geographically, a cen-MPC controller is 
practically impossible to implement in such systems. However, the 
rapid expansion and rise in dimensions of modern power systems is 
gradually rendering the centralized LFC scheme worthless, paving way 
for distributed and decentralized  control techniques to remarkably 
decrease the dimensions of the systems [19, 20]. 

Dis-LFC strategy is viewed as networked control system (NCS), 
from which the basic priciple of smart power grid originates. It 
interconnects controllers and actuators on a communication network for 
data exchange during control and monitoring of geographically spread 
generators in the power system towards realization of smart grid. [21-
23]. Even though, the stability and robustness of dis-LFC depends 
mainly on the communication infrastructure performance, many studies 
on this subject ignore the delay caused by the transmission of data via 
communication channels between CAs, like in [21, 24, 25]. 

In this study, impact of communication delay on MPC based dis-
LFC of three-area MAIPS is investigated. The choice of this controller 
is based on its constraints handling capability, online rolling 
optimization and ability to predict future behavior of the system. 
Control input limits, frequency deviation limits, terminal equality, 
governor dead band (GDB) and generation rate contraints (GRC) are 
considered as constraints. Comparison is made between the response of 
the system with cen-LFC, dis-LFC and delayed dis-LFC scheme. 

The dynamics of the interconnected of MAIPS are descibed by  
mathematical modeling as presented in Section II of this paper. 
Systematic design of the centralized and distributed MPC-LFC and 
incorporated communication delay is presented in Section III. Tests 

illustrations, results obtained and discussion of the results are presented 
in section IV while Section V carries conclusion. 

DYNAMICS OF MAIPS 

Notwithstanding the complexity of power system dynamics, let’s 
consider a MAIPS with n CAs as illustrated in Fig. 1. Each area has ₰
number of generators and 𝜓𝜓 load points. The states of the system 
include the deviation of frequency, tie-line power, gas valve positioning 
and mechanical output of each generator. While the load perturbation 
is the input to the system with area control error (ACE) as the output. 

In each CA, deviation of frequency from its rated value indicates 
interconnection  power mismatch  and generation-demand balance in 
the CA. For a given CA, i the effect of this frequency mismatch is 
modelled in a linearized swing equation illustrated in  Eqn. (1). 

𝑓𝑓𝑖̇𝑖 =
1
𝐻𝐻𝑖𝑖
�𝑃𝑃𝐺𝐺𝑖𝑖 − 𝐷𝐷𝑖𝑖𝑓𝑓𝑖𝑖 − 𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 − 𝑃𝑃𝐷𝐷𝑖𝑖�               (1)

Where 𝑓𝑓𝑖𝑖 is the deviation of the ith area frequency. Based on the logical 
practical assumption that all generators in a CA form a coherent group 
(they all swing in unison) [26], single frequency is assumed for each 
CA. 

𝑃𝑃𝐺𝐺𝑖𝑖 = �𝑃𝑃𝐺𝐺𝑖𝑖,𝑗𝑗

₰

𝑗𝑗=1

;           ∀ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺                     (2)

𝑃𝑃𝐷𝐷𝑖𝑖 = �𝑃𝑃𝐷𝐷𝑖𝑖,𝑗𝑗

₰

𝑗𝑗=1

;          ∀ 𝐿𝐿𝐺𝐺𝐺𝐺𝐿𝐿𝐺𝐺                                 (3)

Using approximated DC power flow modelling, the power flow 
between connected CAs is expressed as, 

𝑃̇𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 = � 𝑃̇𝑃𝑖𝑖𝑗𝑗
𝑗𝑗∈𝒜𝒜𝑖𝑖

𝑡𝑡𝑖𝑖𝑡𝑡

;    𝑃̇𝑃𝑖𝑖𝑗𝑗 = 2𝜋𝜋𝜋𝜋𝑖𝑖𝑗𝑗ô�𝑓𝑓𝑖𝑖 − 𝑓𝑓𝑗𝑗�            (4)

The dynamics of the employed non-reheat turbines depends on the 
control actions initiated by the supplementary LFC and power 
deviations [5]. The turbine dynamics of the ith CA for small deviations 
is modelled as: - 

𝑃̇𝑃𝐺𝐺𝑖𝑖,₰ = 𝐺𝐺𝐺𝐺𝐺𝐺𝑃̇𝑃𝑖𝑖,₰𝐺𝐺
𝑖𝑖 �

1
𝜋𝜋𝑇𝑇𝑖𝑖,₰

�𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑃𝑃𝑖𝑖,₰𝐺𝐺 ��                        (5)

Table 1 provides the definitions of the terms used in the formulation. 

The change in the position of governor valve related to frequency 
for the ₰th generator in ith CA is simplified so it can have single-time 
constant, 𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰[s], modelled as; 

𝑃̇𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 = 1
𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰

�𝑃𝑃𝑖𝑖,,₰𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 −
1
𝑅𝑅𝑖𝑖,₰ 

𝑓𝑓𝑖𝑖�             (6) 

      ACE is used as control reference and performance measure in LFC. 
It is obtained by combinations of tie-line power and frequency 
deviations. Thus, for ith CA, 

ACE𝑖𝑖 = 𝛽𝛽𝑖𝑖𝑓𝑓𝑖𝑖 + 𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡

The continuous LFC time model in MAIPS described; (1) – (7) for 

(7)

ith CA can be summarized in state space model; 

𝑃𝑃23

𝑃𝑃4𝑛𝑛

𝑃𝑃12 𝑃𝑃13

𝑃𝑃24
𝑃𝑃34

𝑃𝑃3𝑛𝑛

Control Area 1 

𝑃𝑃𝐺𝐺1,1 ,𝑃𝑃𝐺𝐺1,2 ,⋯ ,𝑃𝑃𝐺𝐺1,₰

𝑃𝑃𝐿𝐿1,1 ,𝑃𝑃𝐿𝐿1,2 ,⋯ ,𝑃𝑃𝐿𝐿1,𝜓𝜓Control Area 2 

𝑃𝑃𝐺𝐺2,1 ,𝑃𝑃𝐺𝐺2,2 ,⋯ ,𝑃𝑃𝐺𝐺2,₰

𝑃𝑃𝐿𝐿2,1 ,𝑃𝑃𝐿𝐿2,2 ,⋯ ,𝑃𝑃𝐿𝐿2,𝜓𝜓

Control Area 4 

𝑃𝑃𝐺𝐺4,1 ,𝑃𝑃𝐺𝐺4,2 ,⋯ ,𝑃𝑃𝐺𝐺4,₰

𝑃𝑃𝐿𝐿4,1 ,𝑃𝑃𝐿𝐿4,2 ,⋯ ,𝑃𝑃𝐿𝐿4,𝜓𝜓

Control Area 3 

𝑃𝑃𝐺𝐺3,1 ,𝑃𝑃𝐺𝐺3,2 ,⋯ ,𝑃𝑃𝐺𝐺3,₰

𝑃𝑃𝐿𝐿1,1 ,𝑃𝑃𝐿𝐿1,2 ,⋯ ,𝑃𝑃𝐿𝐿1,𝜓𝜓

Control Area n 

𝑃𝑃𝐺𝐺𝑛𝑛,1 ,𝑃𝑃𝐺𝐺𝑛𝑛,2 ,⋯ ,𝑃𝑃𝐺𝐺𝑛𝑛,₰

𝑃𝑃𝐿𝐿𝑛𝑛,1 ,𝑃𝑃𝐿𝐿𝑛𝑛,2 ,⋯ ,𝑃𝑃𝐿𝐿𝑛𝑛,𝜓𝜓

𝑃𝑃2𝑛𝑛
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Table 1 System symbols. 

Symbol Description 

𝜏𝜏𝒹𝒹𝑖𝑖 Time delay in area i [s]. 

𝑓𝑓𝑖𝑖 Frequency deviation of ith CA [Hz]. 

𝑃𝑃𝐺𝐺𝑖𝑖,₰ Generator power output change in ₰ in the ith CA [pu MW]. 

𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 Net tie-line power deviation in ith CA [pu MW]. 

𝐷𝐷𝑖𝑖 ith CA damping coefficient equivalent in [pu MW/Hz]. 

𝑃𝑃𝐷𝐷𝑖𝑖 ith CA total load demand change [pu MW]. 

𝑇𝑇𝑖𝑖ô Coefficient of synchronization between area i and j [pu 
MW/Hz]. 

𝐻𝐻𝑖𝑖 Inertia constant equivalent [pu s]. 

𝛽𝛽𝑖𝑖 ith CA scalar frequency bias parameter [pu MW/Hz] 

𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 ith CA generator ₰ governor team valve position 

𝑅𝑅𝑖𝑖,₰ ith CA generator ₰ droop characteristics [pu MW/Hz]. 

𝐺𝐺𝐺𝐺𝐺𝐺𝑃̇𝑃𝑖𝑖,₰𝐺𝐺
𝑖𝑖 CA i generator 𝑠𝑠aturation nonlinearity for GRC 

modelling. 

𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰ ith CA generator ₰ governor time constant. 

𝑇𝑇𝑇𝑇𝑖𝑖,₰ ith CA generator ₰ steam chest time constant. 

𝑁𝑁𝑝𝑝 Horizon of MPC finite prediction 

ACE𝑖𝑖 ith CA area control error. 

The change in the position of governor valve related to frequency 
for the ₰th generator in ith CA is simplified so it can have single-time 
constant, 𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰[s], modelled as; 

𝑃̇𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 = 1
𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰

�𝑃𝑃𝑖𝑖,,₰𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 −
1
𝑅𝑅𝑖𝑖,₰ 

𝑓𝑓𝑖𝑖�             (6) 

       ACE is used as control reference and performance measure in LFC. 
It is obtained by combinations of tie-line power and frequency 
deviations. Thus, for ith CA, 

ACE𝑖𝑖 = 𝛽𝛽𝑖𝑖𝑓𝑓𝑖𝑖 + 𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 (7)

The continuous LFC time model in MAIPS described; (1) – (7) for ith 
CA can be summarized in state space model; 

⎣
⎢
⎢
⎢
⎢
⎡ 𝑓𝑓𝑖̇𝑖

𝑃̇𝑃𝐺𝐺𝑖𝑖,₰
𝑃̇𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺

𝑃̇𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 ⎦
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ −

𝐷𝐷𝑖𝑖
𝐻𝐻𝑖𝑖

1
𝐻𝐻𝑖𝑖

0 −
1
𝐻𝐻𝑖𝑖

0 −
1
𝜋𝜋𝑇𝑇𝑖𝑖,₰

1
𝜋𝜋𝑇𝑇𝑖𝑖,₰

0

−
1

𝑅𝑅𝑖𝑖,₰𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰
0 −

1
𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰

0

� 2𝜋𝜋𝜋𝜋𝑖𝑖𝑗𝑗0

𝑗𝑗∈𝒜𝒜𝑖𝑖
𝑡𝑡𝑖𝑖𝑡𝑡

0 0 0
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎢
⎡
𝑓𝑓𝑖𝑖

𝑃𝑃𝐺𝐺𝑖𝑖,₰
𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺

𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 ⎦
⎥
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎢
⎡

0

0
1

𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰
0 ⎦

⎥
⎥
⎥
⎥
⎤

𝑃𝑃𝑖𝑖,₰𝑆𝑆𝑆𝑆 +

⎣
⎢
⎢
⎢
⎢
⎢
⎡−

1
𝐻𝐻𝑖𝑖

0

0

0 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

𝑃𝑃𝑖𝑖𝐷𝐷 +

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡ −

1
𝐻𝐻𝑖𝑖

0

0

−2𝜋𝜋�𝜋𝜋𝑖𝑖𝑗𝑗0

𝑖𝑖,𝑗𝑗 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

𝑓𝑓𝑗𝑗             (8)

ACE𝑖𝑖 = (𝛽𝛽𝑖𝑖 0 0 1)

⎣
⎢
⎢
⎢
⎢
⎡
𝑓𝑓𝑖𝑖

𝑃𝑃𝐺𝐺𝑖𝑖,₰
𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺

𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡 ⎦
⎥
⎥
⎥
⎥
⎤

(9)

where  �𝑓𝑓𝑖𝑖 𝑃𝑃𝑖𝑖,₰𝐺𝐺 𝑃𝑃𝑖𝑖,₰𝐺𝐺𝐺𝐺𝐺𝐺 𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡�
𝑇𝑇
∈ ℝ4 = state vector, 

(xi), 𝑃𝑃𝑖𝑖,₰𝑆𝑆𝑆𝑆 = control input (ui), 

𝑃𝑃𝑖𝑖𝐷𝐷 = disturbance input and, 

ACE𝑖𝑖 𝑚𝑚

  is used to model the 
generator GRC constraint. The reference setpoint is constrained as in, 

�𝑃𝑃𝑖𝑖,₰𝑆𝑆𝑆𝑆� ≤ 0.3𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝                                     (10)

By considering the delay in the delivery of the state parameters, the 
ACE will be remodeled as; 

ACE𝑖𝑖(𝐺𝐺) = 𝛽𝛽𝑖𝑖𝑓𝑓𝑖𝑖�𝐺𝐺 − 𝜏𝜏𝒹𝒹𝑖𝑖� + 𝑃𝑃𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡�𝐺𝐺 − 𝜏𝜏𝒹𝒹𝑖𝑖�                 (11)

DISTRIBUTED MODEL PREDICTIVE CONTROL (d-MPC) 

In MAIPS, two different control loops known as primary and 
supplementary speed loops are used to accomplish LFC [27]. 
Supplementary control loop of area has an MPC controller [5]. 

MPC is a control technique for solving online optimal control issues 
by consideration of system dynamics and its output constraints. The 
main motivation of MPC is to derive a system model at a particular 
operating point on which the output signals are expressed in terms of 
future and past control signals, and at the same time performing forecast 
optimization based on some pre-specified criterion [28]. MPC has been 
extensively applied in industries to effectively solve multivariable 
constrained control problems [16]. Fig. 2 shows the Simulink simulation 
model of the three-area MAIPS dynamic. The model was used to 
generate the response when the MPC controller was applied. 

MPC make use of an explicit system model that predict future 
trajectory of system outputs. The difference between the predicted ACE 
and reference output is known as the prediction error. The actions of 
control inputs are reduced over a future horizon, subject to manipulated 
inputs, outputs and states constraints [3]. To minimize the mismatch and 
future disturbance effect, the first control signal in the optimal sequence 
is the only signal applied on the actuator [29]. With the state vector, xi, 
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the subsystem i partitioned model of the three-area power system is 
described in state-space model as, 

𝑥̇𝑥𝑖𝑖(𝐺𝐺) = 𝐴𝐴𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖(𝐺𝐺) + 𝐵𝐵𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖(𝐺𝐺) + 𝐷𝐷𝑖𝑖𝑖𝑖𝑤𝑤𝑖𝑖(𝐺𝐺) + �𝐴𝐴𝑖𝑖𝑗𝑗𝑥𝑥𝑖𝑖(𝐺𝐺) + 𝐵𝐵𝑖𝑖𝑗𝑗𝑝𝑝𝑗𝑗(𝐺𝐺)
𝑗𝑗≠𝑖𝑖

𝑦𝑦𝑖𝑖 = 𝐶𝐶𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖(𝐺𝐺)         (12)

𝐴𝐴𝑖𝑖𝑖𝑖 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ −𝐷𝐷𝑖𝑖

𝐻𝐻𝑖𝑖
1
𝐻𝐻𝑖𝑖

0 − 1
𝐻𝐻𝑖𝑖

0 − 1
𝜋𝜋𝑇𝑇𝑖𝑖,₰

1
𝜋𝜋𝑇𝑇𝑖𝑖,₰

0

− 1
𝑅𝑅𝑖𝑖,₰𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰

0 − 1
𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰

0

� 2𝜋𝜋𝜋𝜋𝑖𝑖𝑗𝑗0
𝑗𝑗,𝑖𝑖

0 0 0
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

,𝐷𝐷𝑖𝑖𝑖𝑖 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡− 1

𝐻𝐻𝑖𝑖
0

0

0 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

𝐵𝐵𝑖𝑖𝑖𝑖 =

⎣
⎢
⎢
⎢
⎢
⎡

0

0
1

𝜋𝜋𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖,₰
0 ⎦

⎥
⎥
⎥
⎥
⎤

,𝐶𝐶𝑖𝑖𝑖𝑖 = (𝛽𝛽𝑖𝑖 0 0 1)           (13)

𝐴𝐴𝑖𝑖𝑗𝑗 =

⎣
⎢
⎢
⎢
⎢
⎢
⎡

0 0 0 0

0 0 0 0

0 0 0 0

−� 2𝜋𝜋𝜋𝜋𝑖𝑖𝑗𝑗0

𝑗𝑗

0 0 0
⎦
⎥
⎥
⎥
⎥
⎥
⎤

,𝐵𝐵𝑖𝑖𝑗𝑗 = [0]4×1 

In this study, equal control and prediction horizons are chosen. The 
system model can either be represented in state-space or transfer 
function. In this study, the plant is represented in state space format as 
shown in (9) and (13). Each MPC controller solves a local optimization 
problem [10], while exchanging the information with other controllers. 
Time delay is created between the controllers. 

Fig. 2 Three-area MAIPS dynamic simulation Simulink model on. 

MPC-based LFC 
Fig. 2 illustrates the design of dis-MPC for three-area 

interconnected MAIPS LFC. Each CA is equipped with a local 
controller and are made to exchange their control actions by 
communication with controllers in the neighboring areas. The control 
actions are then applied to the actuators of the system. In this regard, 
the actuators actually the valve of the gas or water inlet (in the case of 
hydro power plant). The delay in this communication can affect the 
performance of the LFC scheme and in a worst case deteriorates power 
system stability. The continous time system of MPC is discretized 
because its optimization is done for certain time sampling. The 
optimization problem for each CA i can be; 

𝑚𝑚𝑚𝑚𝐺𝐺
𝑢𝑢𝑖𝑖(∗)

 𝐽𝐽𝑖𝑖 {𝑥𝑥𝑖𝑖(𝐺𝐺),𝑝𝑝�𝑖𝑖(∗)}                                            (14)

So that 

𝐽𝐽𝑖𝑖{𝑥𝑥𝑖𝑖(𝐺𝐺),𝑝𝑝�𝑖𝑖(∗)} =

� �‖𝑥𝑥�𝑖𝑖(𝜅𝜅; 𝑥𝑥(𝐺𝐺), 𝐺𝐺 − 𝑥𝑥𝑖𝑖𝑖𝑖)‖𝑀𝑀𝑖𝑖
2 + ‖𝑝𝑝𝑖𝑖(𝜅𝜅)‖𝑁𝑁𝑖𝑖2 �

𝑡𝑡+𝑁𝑁𝑝𝑝

𝑡𝑡
𝐿𝐿𝜅𝜅            (15)

Subject to (8) and (9) discritization as constraints, where the arbtrary 
dicrete time control horizon sample is  𝜅𝜅 ∈ [𝐺𝐺, 𝐺𝐺 + 𝑁𝑁𝑃𝑃], the positive 
symmetric and definite weighting matrices employed as tuning 
parameters, which are chosen arbitrarily to achive the desired control 
performance are 𝑝𝑝𝑖𝑖 and 𝑁𝑁𝑖𝑖. The subsystem (7) predicted trajectory 
which start from actual state 𝑥𝑥𝑖𝑖(𝐺𝐺) at time t is  𝑥𝑥�𝑖𝑖(𝜅𝜅; 𝑥𝑥(𝐺𝐺), 𝐺𝐺). 
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The summarized dis-MPC algorithm as used here is,  

Step 1: Information Propagation 

ith CA communicate out its previous predictions 
𝑥𝑥�𝑖𝑖�𝜅𝜅; 𝑥𝑥�𝐺𝐺𝜇𝜇−1�, 𝐺𝐺𝜇𝜇−1�, 𝜅𝜅 ∈ [𝐺𝐺𝜇𝜇 , 𝐺𝐺𝜇𝜇−1 + 𝑁𝑁𝑃𝑃] to other controllers and 
also receive information 𝑥𝑥�𝑗𝑗�𝜅𝜅; 𝑥𝑥�𝐺𝐺𝜇𝜇−1�, 𝐺𝐺𝜇𝜇−1�, 𝜅𝜅 ∈ [𝐺𝐺, 𝐺𝐺𝜇𝜇−1 + 𝑁𝑁𝑃𝑃]
from them. 

Step 2: Initialization 

The given measured predicted trajectory, 𝑥𝑥�𝑖𝑖(𝐺𝐺), set 𝑥𝑥�𝑖𝑖(𝐺𝐺) = 𝑥𝑥𝑖𝑖(𝐺𝐺) at 
each sampling time 𝐺𝐺𝜇𝜇,  

Step 3: Optimization 

The rolling optimal control problem in (10) is solved using quadratic 
programming. 

Step 4: Assignment 

Assign 𝑝𝑝𝑖𝑖�𝐺𝐺𝜇𝜇� = 𝑝𝑝�𝑖𝑖�𝐺𝐺𝜇𝜇� or 𝑝𝑝𝑖𝑖�𝐺𝐺𝜇𝜇� = 𝑝𝑝�𝑖𝑖�𝐺𝐺𝜇𝜇−1� if the optimal 
control problem (12) in step 3 is feasible.  

Step 5: Estimation/Prediction 

Predict the future states 𝑥𝑥�𝑖𝑖�𝜅𝜅; 𝑥𝑥�𝐺𝐺𝜇𝜇�, 𝐺𝐺𝜇𝜇�, 𝜅𝜅 ∈ [𝐺𝐺𝜇𝜇+1, 𝐺𝐺𝜇𝜇 + 𝑁𝑁𝑃𝑃] with 
the optimized control sequence.  

Step 6: Implementation/Actuation  

Apply the optimal control sequence 𝑝𝑝𝑖𝑖�𝐺𝐺𝜇𝜇� to the actuator, set 𝜇𝜇 =
𝜇𝜇 + 1 . Return step 1 at the next sample time. 

RESULTS AND DISCUSSION 
A model predictive controller (MPC) posing the load frequency 

control (LFC) is emplyed problem in the presence of external 
disturbances and constraints as a tracking control problem to 
investigate the impact of communication delay. The system is subjected 
to communication delay between the CAs (with single generator each), 
and the response to the step load perturbation with and without the 
delay is studied. 

In this test, only CA 1 is subjected to 10% load increment, while in 
the other two CAs are concurrently left unperturbed. The load 
disturbance rejection performance of the dis-MPC formulation is 
evaluated and compared with the same scenario but delayed from 1 sec. 

The system’s responses are illustrated in Fig. 3 – 5. It clearly shows 
that at the steady state, the tie-line power deviation settles at their 
expected values and the local frequency deviation of each CA 
converges to zero. Thus, the impact of the time delay on the frequency 
deviations (f1, f2, f3), ACEs and tie-line powers can be ascertain using 
overshoot and settling time. Table 2 summarizes the overshoot and 
settling of the system states with and without the delay. 

Fig. 3 Frequency deviations with and without 1.0sec delay. 

Table 2 Overrshoot and settling time of the states. 

States Maximum Overshoot 
(pu) Settling time (s) 

Without delay 

f
1, f2, f3 -0.031, -0.013, -0.010 8.46, 8.46, 9.49 

𝑃𝑃1𝑡𝑡𝑖𝑖𝑡𝑡, 𝑃𝑃2𝑡𝑡𝑖𝑖𝑡𝑡, 𝑃𝑃3𝑡𝑡𝑖𝑖𝑡𝑡 -0.022, 0.012, 0.01 7.70, 8.57, 8.47 

ACE1, ACE2, 
ACE3 

0.021, 0.00374, 0.0029 6.17, 7.193, 7.13 

𝑃𝑃𝐺𝐺1, 𝑃𝑃𝐺𝐺2, 𝑃𝑃𝐺𝐺3 0.106, 0.022, 0.016 7.51, 7.45, 8.73 

With 1.0 sec delay 
f
1, f2, f3 -0.042, -0.023, -0.16  11.50, 10.79, 10.52 

𝑃𝑃1𝑡𝑡𝑖𝑖𝑡𝑡, 𝑃𝑃2𝑡𝑡𝑖𝑖𝑡𝑡, 𝑃𝑃3𝑡𝑡𝑖𝑖𝑡𝑡 -0.035, -0.015, -0.012 11.18, 9.49, 10.06 

ACE1, ACE2, 
ACE3 

0.034, 0.0043, 0.0038 13.17, 10.06, 8.57 

𝑃𝑃𝐺𝐺1, 𝑃𝑃𝐺𝐺2, 𝑃𝑃𝐺𝐺3 0.12, 0.04, 0.028 16.54, 16.31, 16.86  
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Fig. 5 Tie-line power deviations with and without 1.0sec delay. 

It can be inferred from Fig. 5 that power flows from CA 2 and 3 to 
CA 1 (negative overshoot) where load change occurred. However, at 
steady state all the tie-line powers are forced to zero. 

In order to preserve zero tie-line powers, generator(s) each CA 
should provide for its load demands at steady state. This assertion is 
observed in the response of the generators in CA 1 – 3 illustrated in Fig. 
5. Since only CA 1 is perturbed, the generator in CA 1 generates the 
10% pu MW at steady, while the rest of the generators settle at zero. 
Thus, at steady state; 

𝑃𝑃1 
𝐺𝐺 = 0.1 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑃𝑃2 

𝐺𝐺 = 0.0 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑃𝑃3𝐺𝐺 = 0.0 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

Fig. 4 Deviation in output power of the generators with and without 
1.0sec 

It is imperative to point out that there are many factors which affect 
the dis-LFC performance apart from time delay [10]. The MPC 
variables estimation and weight tuning, control interval, predictions and 
other factors are among the factors that affect the performance of MPC 
rolling and optimization-based control [5].  

It is envisioned in the future work to adapt the time delay in the 
controller design so as reject its effect and that of the perturbation 
concurrently. This is feasible taking the predictive nature of the MPC 
into cognizance.  

CONCLUSION 
Impact of time delay on dis-MPC is investigated in this paper. The 

dis-MPC is designed as a tracking control problem in the presence of 
external disturbances and constraints. The MAIPS dynamics are 
studied. The control areas that constitute the MAIPS is equipped with 
one MPC controller and are made to exchange their predictions and 
measurements through communication and incorporate other 
information from various controllers into their local control scheme. 
The optimized input control sequence generated by the MPCs is used 
to adjust the CAs thermal generator valve position in the. Delay in this 
communication pose a threat to the stability of the LFC. Three-area 
MAIPS time-based simulations are used to verify the investigations.  
The system is subjected to communication delay between the CAs (with 
single generator each), and the response to the step load perturbation 
with and without the delay is studied. In this test, only CA 1 is subjected 
to 10% load increment, while in the other two CAs are concurrently left 
unperturbed. It can be inferred from the simulation that time delay of 
1.0sec has deteriorates the frequency stability by almost 34.38% in the 
affect area while the tie-line power by 34.24%. 
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