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The present study presents an adaptive controller for LTI systems with an unknown and time-variant input time delay 

with the purpose of tracking. Due to the wide area considered for time delay variations, the structure of the proposed 

controller is considered to be in the form of Multiple Adaptive Control (MAC). The presented adaptive control system is of 

indirect type, i.e., at any moment, one band of time delay is first identified using a proposed estimator, and then the main 

control signal, which is a linear combination of multiple controllers output, is formed with a switching rule in the 

supervisory subdivision. In fact, each multiple controller in the MAC structure with fit weights participates in forming the 

main control signal. The multiple controllers used in this study are of PID type. It should be noted that the parameters for 

the individual multiple controllers, for the system under control, are adjusted offline and proportional to its corresponding 

time-delay sub-band using a genetic algorithm. Finally, simulation results show the relatively desirable performance of the 

proposed control system and observer in facing with wide unknown and time-variant delays. 
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I. INTRODUCTION 

The control of delayed systems is among the issues of the 

day in the world of Control Engineering. The existence of 

delays in most real and manmade systems has attracted the 

attention of many researchers to this issue. The importance of 

this issue arises from the fact that delay in a control loop is 

accompanied by the system divergence from the desirable 

performance, and if the necessary preparations are not 

considered, it may even lead to system instability. Since 

inherent delays are an inseparable component of a delayed 

system, considering delays in the controller design process is 

the only strategy for encountering this issue. Even if an 

open-loop system could be modeled without any delay, this 

point should be kept in mind that the closed-loop control 

process itself, i.e. measurement, decision-making, and 

reaction of the controller, causes a delay in the plant input; a 

delay that can also be affected by the varying environment. 

Time delay systems introduce a class of systems with an 

infinite dimension, which is related to mechanisms such as 

dispersion, transmission, traffic, exhaustion, flexibility, 

inertia, and other factors that are created after time drop-off. 

From the perspective of time delay certainty and variability, 

delayed systems are generally categorized into four groups: 

(1) systems with a certain and time-invariant delay, (2) 
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systems with a certain and time-variant delay, (3) systems 

with an uncertain and time-invariant delay and, (4) systems 

with an uncertain and time-variant delay. 

All these four types may appear in different systems. 

Concerning the fourth group, it is of great importance to 

discuss a control algorithm that can fulfill the stability or 

tracking performance. In general, a delay may exist in a state 

vector or an input. In this article, time delay means the delay 

in control input. In most real systems, time delay affects the 

system performance either inherently or under the impression 

of environmental conditions. The problems that mainly 

emerge in a closed-loop control process of delayed systems 

are caused by the following factors [1]: 

1- The effect of disturbances is not felt until a considerable 

time has elapsed. 

2- The effect of the control action takes some time to be felt 

in the controlled variable. 

3- The control action that is applied based on the actual error 

tries to correct a situation that has originated some time 

before. 

4- Since system equations are nonlinear in relation to time 

delay parameters, the sensitivity of control characteristics to 

these parameters is relatively high, so researchers usually 

look for a robust design given the uncertain nature of time 

delay. 

5- Changes in an open-loop transfer function time delay in 

closed-loop control systems lead to phase margin change and 

gain margin indirect change too; this may lead to closed-loop 

system instability or may decrease relative stability, and 

hence it may cause transient response characteristics to 

become undesirable. 

Considering that the system behavior is nonlinear to the 

delay factor, designing techniques for making appropriate 

control reaction gets more complicated by delay change over 

time because the designer will also face a time-variant system 

(certain or uncertain). When a delay is time-varying and 

unknown, it is often dealt with as a parameter with 

uncertainty, so the designing robustness against any changes 

in this parameter should be discussed. Robust control always 

provides appropriate control strategies for parametric 

uncertainties [2]-[3], but if these uncertainties change slowly, 

adaptive control would definitely be a more appropriate 

option. In particular, the largeness of the variation area for an 

uncertain parameter always persuades the designer to use a 

specific area in adaptive control, named Multiple Adaptive 

Control (MAC). This study assumes that any change in an 

unknown parameter, i.e., time delay, is in the LTI system, so 

the MAC structure is used to control this system. In this 

structure, the wide uncertainty band is partitioned into 

smaller sub-bands, and for each selected band, a suitable 

controller is designed. The controller at any moment is 

selected based on the delay estimation at that very moment. 

Also, regarding time delay estimation, this paper presents a 

new method with a rather high accuracy and speed. In the 

multiple control structure, the supervisory subdivision is 

responsible for switching between controllers. Switching 

between the designed controllers, due to its discrete nature, 

may by itself be a reason for instability. Picking a suitable 

switching rule decreases the undesired effects of the 

controller variation in the control loop and the control signal 

effort. Using combined methods, in which the control signal 

is a weighted combination of multiple controllers output, is 

accompanied by the risk of instability because of the increase 

in control signal gain. Therefore, choosing a suitable 

switching rule is as important as appropriately designing the 

controllers of each band. Using modern optimization methods, 

in addition to providing an appropriate stability margin for 

switching operation, may provide optimal conditions for 

controlling a delayed system. In this study, it has been tried to 

use an optimal approach in the structure of a MAC to reduce 

the switching effect of controllers and optimally adjust the 

parameters of the controllers related to each delay band in 

order to provide a rather desirable performance for systems 

with wide variable delay. Further, Subsection A provides a 

brief history of what has been done in this regard so far. 

Subsection B focuses on the challenges of the current control 

methods. Section II introduces the structure of the plant, and 

then Section III presents the proposed estimator for 

estimating a time-variant delay. Section IV provides a brief 

description of the MAC control structure and the proposed 

controller. Finally, Section V presents the results of the 

simulations for a sample system and Section VI analyzes the 

performance of the proposed controller and concludes the 

paper. 

A. Research Literature 

The difficulty of time delay identification comes from the 

fact that the process model is nonlinear in relation to the delay 

parameter. Based on the literature studied in Ref. [4], the delay 

identification methods are divided into four groups: (a) time 

delay approximation methods, (b) time delay explicit parameter 

methods, (c) area and moment methods, and (d) higher-order 

statistics (HOS) methods. Several methods of this category 

have been presented in papers [4]-[11] such that in case of 

adaptive control and real-time control, methods of groups (a) 

and (b) are mainly used. Particularly, for time-varying delay 

estimation in LTI systems, many articles have been published 

[12]-[19]. 

Generally, a time delay in open-loop systems is a 

non-minimum phase factor. It has been proven in many studies 

that the stability of control loops, in the presence of delay, is 

too sensitive to time delay parameters, so this has made 

researchers try hard to present reliable criteria for creating a 

safe stability margin in the area of designing controllers for 

such systems [20]-[26].  

Also particularly for LTI systems with uncertainty in time 

delay factor, a lot of efforts have been put on presenting criteria 
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for guaranteeing robust stability [27]-[29].  

The importance of controlling systems with a time-varying 

delay has provoked researchers to design controllers that are 

acceptably robust and adaptable against variations of the 

sensitive time delay parameter in order to satisfy the supreme 

control purposes such as reference input tracking. 

Some of these controllers are as follows: robust controllers 

[30]-[32], fuzzy controllers [33], predictive controllers 

[34]-[37], sliding mode controllers [38]-[39], and optimal 

controllers [40]-[42]. In particular, the presented controllers are 

mostly of adaptive type for LTI systems with an unknown and 

time-varying delay [43]-[48]. 

B. Challenges of the Current Control Methods 

Pondering upon the works done in the area of controlling 

systems with a time-varying delay, it seems that they have 

some problems and challenges. Generally, in all studies on 

delayed systems, the band of time delay variations and 

uncertainty are assumed to be rather small. Although robust 

controllers and sliding mode show rather appropriate response 

in small uncertainty bands, since the nature of these controllers 

is unit and constant, the control system response in great 

perturbations of the nominal model, even with precise 

modeling of uncertainties, would be of undesired transient 

characteristics, especially if the variations in time delay 

parameters is rapid. Particularly, in sliding mode controllers, 

large and fast time delay variations result in chattering and 

hence control effort.  

Predictive and optimal controllers are often presented for 

systems in which the time delay is known (constant or 

time-variant) because if the delay parameter is time-varying 

and unknown, these controllers perform weakly, since both of 

these controllers have an optimization operation, and if the 

delay is time-varying and unknown, the designer should deal 

with a time-variant and unplanned optimization problem, the 

solution of which, due to the computational complications, may 

in turn cause time delay in the control process of real-time 

mode [49]. 

Also, intelligent controllers, such as fuzzy and neural ones, 

partly have lower spreading speed in comparison to real time 

due to the computational and decision making complications of 

the network, which, in turn, results in time delays in control 

loops. 

Eventually, the adaptive controllers presented for systems 

with a time-varying and unknown delay are mainly assumed to 

have a small band of uncertainty. The reason for this is that the 

large band of uncertainty causes a decrease in the estimation 

speed, hence a decrease in the adaptability of the controller and 

a decrease in the speed of control reactions, which by 

themselves lead to the emergence of undesired transient mode 

errors in response to the control system. 

 

II. PROBLEM STATEMENT 

The plant in this research is an LTI and a stable system 

(BIBO Stable). The state-space equations and the Laplace 

transfer function of the assumed system are as follows: 

{
𝑋(𝑡) =̇ 𝐴𝑔𝑋(𝑡) + 𝐵𝑔𝑢𝐶(𝑡 − 𝑑(𝑡))

𝑦(𝑡) = 𝐶𝑔𝑋(𝑡)                               
        (1) 

𝑃(𝑠, 𝑡) = 𝐺(𝑠)𝑒−𝑑(𝑡)𝑠      (2) 

in which 𝑡 is the variable of real-time domain, 𝑋(𝑡) ∈ 𝑅𝑛 

is the state vector of the system, scalars 𝑢𝐶(𝑡), 𝑦(𝑡) are 

control input and plant output, respectively, and 𝐴𝑔 , 𝐵𝑔 , 𝐶𝑔 

are the constant matrices with appropriate dimensions. Also, 

𝑠 is the variable of the Laplace domain and 𝑃(𝑠, 𝑡) is the 

system transfer function at the time 𝑡, in which 𝐺(𝑠) is 

obtained from Eq. (3). 

𝐺(𝑠) = 𝐶𝑔(𝑠𝐼 − 𝐴𝑔)
−1𝐵𝑔     (3) 

In addition, the 𝑒−𝑑(𝑡)𝑠  factor is the Laplace transfer 

function of the time delay. In Eq. (1) and (2), 𝑑(𝑡) is the 

same input time delay of the system, which is assumed to be 

time-variant and unknown in this study, and it is also 

assumed that the considered system, except for t from a time 

delay factor, is a linear and time-invariant system. In general, 

this study makes the following assumptions for the time delay 

[50]: 

1-  0 ≤ 𝑑𝑚𝑖𝑛 ≤ 𝑑(𝑡) ≤ 𝑑𝑚𝑎𝑥 ≤ ∞    

2-  −∞ < 𝑑(𝑡)• < 1     

The main purpose of this research is to design a tracking 

controller in the presence of a time-variant and unknown time 

delay, in which the band of the time delay uncertainty is 

rather wide. 

 

III. PROPOSED DELAY ESTIMATOR 

In general, an estimator is a dynamical system that 

estimates one or more unknown parameter(s) of the real 

system using the real system input and output. Particularly, in 

this study, one of the important goals is to design an estimator 

system in that the only unknown and time-variant parameter 

of the system is identified at an online mode and with an 

acceptable speed using the input and output of the system 

with Eq. (2). A simple block diagram of the system and delay 

estimator is shown in Fig. 1. As can be seen in Fig. 1, the 

estimator inputs are the same input and output of the real 

system, and the only output of the estimator is an estimation 

of the time delay (𝑑̂(𝑡)). 

 
Fig. 1. The general diagram of the time delay estimator. 
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According to Eq. (2), a delayed system transfer function 

includes a time delay factor (exponential and non-rational). In 

this research, to design the proposed estimator, instead of a 

time delay exponential factor, a pade approximation is first 

used to rationalize the system transfer function. In this case, 

the new transfer function, which is an approximation of the 

main transfer function of the system, will include a time 

delay parameter (time-variant). After writing a state-space 

realization from the mentioned transfer function, and by 

regarding the time delay parameter as an extra state variable 

parameter, a system with nonlinear state equations will be 

established. Eventually, using a Kalman filter (linear or 

extended for linearized or non-linear state equations, 

respectively), the states of this system, e.g. the system time 

delay, are predicted. 

In this research, to further describe the estimator design in 

detail, a first-order pade approximation is used as an 

alternative for the time delay factor. Obviously, higher-order 

pade approximations can be used to improve the estimation 

accuracy. Eq. (4) is indicative of a first-order pade 

approximation for the time delay factor in the Laplace area 

[1]. 

𝐶′(𝑠) = 
1−

𝑑̂

2
𝑠

1+
𝑑̂

2
𝑠
     ,   𝑑̂ = 𝑑̂(𝑡)     (4) 

Substituting Eq. (4) in Eq. (2), the system transfer function 

will be as follows: 

𝑃(𝑠) = 𝐺(𝑠) 
1−

𝑑

2
𝑠

1+
𝑑

2
𝑠
       (5) 

Considering that the 𝐺(𝑠) transfer function is of n-order, the 

𝑃(𝑠) transfer function will definitely be of (n+1)-order. If 

the delay is assumed a constant parameter, in general, 

𝐴𝑝 , 𝐵𝑝 , 𝐶𝑝 matrixes, for a realization of 𝑃(𝑠) system, will 

be a function of delay parameter, i.e. 𝑑. Therefore, 𝑃(𝑠) 

system state equations could be written as Eq. (6). 

{
𝑍(𝑡) =̇ 𝐴𝑝(𝑑). 𝑍(𝑡) + 𝐵𝑝(𝑑). 𝑢(𝑡)            

𝑦(𝑡) = 𝐶𝑝(𝑑). 𝑍(𝑡)                                      
    (6) 

Where 𝑍(𝑡) ∈ 𝑅𝑛+1  is the 𝑃(𝑠)  system state variables 

vector, and  𝐴𝑝(𝑑), 𝐵𝑝(𝑑), 𝐶𝑝(𝑑)  are the matrixes with 

appropriate dimensions, which are dependent on the time 

delay parameter. Also, 𝑦(𝑡) and 𝑢(𝑡) scalars are the input 

and output of 𝑃(𝑠)  system, respectively. Given that the 

parameter d is constant, the equations in Eq. (6) will be 

relevant to an (n+1)-order LTI system. Considering that 𝑑(𝑡) 

is, in reality, an unknown and time-variant parameter, it could 

be regarded as an extra state variable in Eq. (6). In this case, 

Eq. (6) will turn into a group of nonlinear state-space 

equations, whose order is changed from (n+1) to (n+2) due 

to the addition of a new state variable (time delay). 

State-space equations for this system will conform to Eq. (7). 

{
 
 
 
 
 
 

 
 
 
 
 
 𝑤1

(𝑡)̇ = 𝑧1(𝑡)̇ = 𝑓1(𝑤1(𝑡),𝑤2(𝑡),… ,𝑤𝑛+1(𝑡),𝑤𝑛+2(𝑡)) +            

𝑔1(𝑤1(𝑡), 𝑤2(𝑡), … ,𝑤𝑛+1(𝑡), 𝑤𝑛+2(𝑡), 𝑢(𝑡)) + 𝑣1(𝑡)
.
.
.

𝑤𝑛+1(𝑡)̇ = 𝑧𝑛+1(𝑡)̇ = 𝑓𝑛+1(𝑤1(𝑡),𝑤2(𝑡),… ,𝑤𝑛+1(𝑡),𝑤𝑛+2(𝑡)) +

𝑔𝑛+1(𝑤1(𝑡), 𝑤2(𝑡), … ,𝑤𝑛+1(𝑡), 𝑤𝑛+2(𝑡), 𝑢(𝑡)) + 𝑣𝑛+1(𝑡)

𝑤𝑛+2(𝑡)̇ = 𝑑 (𝑡)̇ = 𝑓𝑛+2(𝑤1(𝑡),𝑤2(𝑡),… , 𝑤𝑛+1(𝑡),𝑤𝑛+2(𝑡)) +     

𝑔𝑛+2(𝑤1(𝑡), 𝑤2(𝑡), … ,𝑤𝑛+1(𝑡), 𝑤𝑛+2(𝑡), 𝑢(𝑡)) + 𝑣𝑛+2(𝑡)
 

𝑦(𝑡) = ℎ(𝑤1(𝑡), 𝑤2(𝑡), … ,𝑤𝑛+1(𝑡),𝑤𝑛+2(𝑡)) +  𝑛(𝑡)                      

 (7) 

{
𝑊(𝑡)
̇ = 𝐹(𝑊(𝑡)) + 𝐺 (𝑊(𝑡), 𝑢(𝑡)) + 𝑉(𝑡)

𝑦(𝑡) = ℎ(𝑊(𝑡)) + 𝑛(𝑡)                             
       (8) 

Comparing Eq. (7) and Eq. (8), 𝐺(. ) 𝑎𝑛𝑑 𝐹(. )  matrix 

functions and also 𝑉(𝑡)  vector in the above equation are 

identified. After computing the system state space equations 

in the structure of Eq. (7), all the system state variables, 

including the system time delay, should be estimated using a 

state observer in the next step. At this point, all system states 

can be estimated with a Kalman filter (linear or extended) 

[51]. Further details on the design of this estimator are 

provided in Ref. [18]. 

IV. PROPOSED CONTROLLER 

In general, controlling the system based on the estimated 

situation is an adaptive control issue, in which the controller 

parameters are adjusted either directly or indirectly. 

Experience shows that using adaptive control in cases where 

the band of uncertainty for one or more parameter(s) is rather 

large, large transient state errors occur because the 

convergence speed of controller parameters (direct or indirect 

adjustment) towards the desired parameters is low. In such 

cases, an alternative method is to use MACs to control an 

unknown system; a method that is considered a higher level 

of adaptive control. The advantages of this control method, as 

mentioned in the literature, are high speed, ability to control 

systems with rather wider parametric uncertainties, and 

smaller control effort (in case of optimal designing for a safe 

and soft switching) [52]-[55]. 

In general, a multiple adaptive controller can be used in 

two structures, direct and indirect. In both control structures, 

an essential element in the MAC controller is the supervisory 

and switching section of the controller. Thus, presenting 

better methods in the switching section to improve stability 

and transient behavior of the plant has always been among 

the concerns of researchers while designing these controllers 

[52]. 

Fig. 2 presents an indirect multiple adaptive controller 

(IMAC), in which, an estimation of the plant’s unknown 

parameters is first obtained by an estimator block, and then, 

considering the band in which the estimated parameters exist, 

each of the multiple controllers, with specific weights, take 

part in forming the main control signal [52].  



International Journal of Industrial Electronics, Control and Optimization .© 2021 IECO… 5 
 

 
Fig. 2. The proposed structure of the IMAC controller. 

Given the challenges and difficulties of control methods for 

systems with a varying delay, presented in Section I 

(subsection B), and also taking into account the advantages of 

multiple adaptive controllers, this study uses an IMAC 

control structure to control LTI systems with an input 

time-varying delay. For this purpose, the considered time 

delay of the plant is an unknown and variable parameter. The 

control process will be such that first, according to Fig. 3, the 

area of the time delay variations will be partitioned into 

smaller sub-bands (𝑁 sub-bands). Then, depending on the 

band in which the system delay has been estimated, in the 

IMAC structure, multiple controllers with fit weights will 

enter the control loop. In Fig. 3, 𝑀𝑖  shows the center of the 

𝑖th sub-band. 

 
Fig. 3. How to split the main band of the delay into N equal 

sub-bands. 

In this study, assuming that the control structure is the one 

presented in Fig. 2, a number of PID controllers in the 

multiple controllers section are used [56]. The parameters of 

each multiple controller (proportional, integral, and derivative 

coefficients) are adjusted at offline mode and by solving an 

optimization problem. The minimization method used in this 

paper is a genetic algorithm [57]. It should be said that the 

parameters of each of the multiple controllers are optimized 

independently for its corresponding delay sub-band .In this 

regard, the fitness function counted for the optimization 

problem is considered to be affected by the control signal 

effort, and the error between plant output and desired output 

(reference input). Eq. (9) expresses the mentioned fitness 

function. 

∫(𝛼(𝑦(𝑡) − 𝑢𝑅(𝑡))
2
+ 𝛽(𝑢𝐶(𝑡 + ∆𝑡) − 𝑢𝐶(𝑡))

2
)𝑑𝑡   (9) 

Where 𝛼 and 𝛽 are positive and real constants that express 

the importance of minimization for tracking error and control 

effort, respectively. These are assumed to be equal in this 

article. In this study, a suitable method for adjusting 

controllers weights have been used to avoid the adverse 

effects of discrete switching of the controllers (hard switching) 

such that, according to Eq. (10), the main control signal, i.e. 

𝑢𝑐(𝑡), is a linear and weighted combination of the output of 

all multiple controllers. 

{
𝑢𝑐(𝑡) = 𝐴

𝑇 × 𝑈(𝑡) = ∑ 𝑎𝑖𝑢𝑖(𝑡)
𝑁
𝑖=1                                            

𝐴 = [𝑎1  𝑎2  . . .  𝑎𝑁]
𝑇   ,   𝑈(𝑡) = [𝑢1(𝑡)  𝑢2(𝑡)  . . .  𝑢𝑁(𝑡)]

𝑇

       (10) 

Where 𝑢𝑖(𝑡) is the 𝑖th controller output at time 𝑡, 𝑁 is the 

number of multiple controllers, and 𝑎𝑖 is the weight of the 

𝑖th controller, which is obtained from Eq. (11):  

𝑎𝑖 =
𝑒−𝑏𝑖

 

∑ 𝑒
−𝑏𝑗

 
𝑁
𝑗=1

      (11) 

Where𝑏𝑖
 , at any moment of time, is obtained from Eq. (12). 

𝑏𝑖 = |𝐾(𝑑̂(𝑡) − 𝑀𝑖)|      (12) 

Assuming that the main uncertainty band for a time delay is 

partitioned into 𝑁 sub-bands, in Eq. (12), 𝑀𝑖  will be the 

center of the 𝑖 th sub-band. Thus, as seen in the above 

equations, the weight of the controllers is a function of the 

absolute value of the error between the average value of delay 

bands and the value of the estimated delay. It is obvious that, 

at any moment, the closer the delay estimation is to the 

average value of the delay in a sub-band, the more weighted 

the controller corresponding to that band will participate in 

creating the main control signal, and also at any moment, the 

sum of the weights of all controllers is equal to one, and this 

factor always prevents the increase in the open-loop dc gain. 

Parameter 𝐾 ≥ 0 in Eq. (12) is a designing parameter. In 

this equation, 𝐾 determines the type of switching such that 

if 𝐾 = 0, switching will be of soft and continuous type (no 

switching operation), and each controller with a share of  
1

𝑁
 

will always participate in forming the main control signal, 

and by an increase in K from zero to infinite, the type of 

switching tends to be discrete and hard. More details of the 

design will be presented in Section V for a specific system in 

a numerical example. 

  

V. SIMULATION RESULTS 

In this section, to implement different simulations and 

assess the proposed estimator and controller, an LTI system 

with the following open-loop transfer function is selected. It 

should be noted that the phase margin (PM) for this system is 

1.7068 [rad] and the delay margin is 2.6364 [sec]. This 

transfer function relates to a direct current (DC) servo motor 

system, which expresses the relationship of the motor output 

(rotation angle) to its input (electricity current). Since the 

motor in a telecommunication satellite is responsible for 



International Journal of Industrial Electronics, Control and Optimization .© 2021  IECO… 6 

 

adjusting the orientation of an antenna, there is always a 

time-varying unknown delay between sending the control 

signal from the earth station and receiving it in the space 

station [58].  

𝑃(𝑠, 𝑡) =
3(1+𝑠)

(1+2𝑠)(1+3𝑠)
𝑒𝑠×𝑑(𝑡)     (13) 

In which 𝑑 = 𝑑(𝑡) is an unknown and time-variant delay. 

To design the delay estimator, the band of delay variations 

should be specified, so it is assumed that                  

𝑑𝑚𝑖𝑛 = 0.65[𝑠]  ≤ 𝑑 ≤  𝑑𝑚𝑎𝑥 = 4.65[𝑠]. Given that Eq. (4) 

is used for time delay factor approximation, 𝑃(𝑠) could be 

rewritten as Eq. (14). 

𝑃(𝑠, 𝑡) =
−0.5𝑠2+(

1

𝑑
−0.5)𝑠+

1

𝑑

𝑠3+(
2

𝑑
+0.83)𝑠2+(

1.66

𝑑
+0.17)𝑠+

0.33

𝑑

     (14) 

By writing an observer canonical realization for the above 

system, the state space equations of this system will be 

obtained as follows: 

{
 
 
 

 
 
 

[

𝑧1(𝑡)
𝑧2(𝑡)
𝑧3(𝑡)

]



=

[
 
 
 
 0 0

−0.33

𝑑

1 0 −(
1.66

𝑑
+ 0.17)

0 1 −(
2

𝑑
+ 0.83) ]

 
 
 
 

[

𝑧1(𝑡)
𝑧2(𝑡)
𝑧3(𝑡)

] + [

1

𝑑
1

𝑑
− 0.5

−0.5

] 𝑢(𝑡)

𝑦(𝑡) = [0 0 1] [

𝑧1( 𝑡)

𝑧2(𝑡)

𝑧3(𝑡)
]                                                              

 (15) 

Considering d(t) as the fourth state variable (d = w4(t)), 

and defining w1(t) = z1(t), w2(t) = z2(t), w2(t) = z2(t), 

nonlinear state space equations for this system are obtained 

according to Eq. (16): 

{
 
 
 

 
 
 𝑤1(𝑡)

̇ =
−0.33𝑤3(𝑡)

𝑤4(𝑡)
+

𝑢(𝑡)

𝑤4(𝑡)
+ 𝑣1(𝑡)                                                              

𝑤2(𝑡)̇ = 𝑤1(𝑡) − (
1.66

𝑤4(𝑡)
+ 0.17)𝑤3(𝑡) + (

1

𝑤4(𝑡)
− 0.5)𝑢(𝑡) + 𝑣2(𝑡)

𝑤3(𝑡)̇ = 𝑤2(𝑡) − (
2

𝑤4(𝑡)
+ 0.83)𝑤3(𝑡) − 0.5𝑢(𝑡) + 𝑣3(𝑡) 

𝑤4(𝑡)̇ = 𝑣4(𝑡)                                                                                 
                  

𝑦(𝑡) = 𝑤3(𝑡) + 𝑛(𝑡)                                                                  (16)            

It is obvious that these equations are used to design the 

extended Kalman filter (EKF); and to implement the delay 

estimator, based on a linear Kalman filter (LKF), the system 

with equations presented in Eq. (16) should be linearized 

around a fixed operating point.  

In this research, the results of the simulations will be 

presented along with two main objectives; the first is to 

design a time delay estimator for the system with Eq. (13), 

and the second is to design a tracking adaptive controller for 

this system. In all simulations, the reference input signal for 

the system has been considered a periodic pulse wave; a 

two-level periodic pulse wave with a periodicity of 40 

seconds and a pulse width of 20 seconds (levels with the 

values of 10 and 0, respectively). It should be noted that all 

measurements are in the presence of noise. 

The results of the simulations are presented below to 

estimate the system delay with Eq. (13). It should be noted 

that this estimate is in the loop and in the presence of the 

controller. Fig. 4 shows the performance of the proposed 

estimators in estimating sinusoidal delay. In this figure, the 

real delay of the system equals 𝑑(𝑡) = 2.65 + 2 sin(0.025πt). 

To accurately compare the performance of these estimators, 

the mean of squares of estimation error (MSE) for all two 

estimators have been calculated, which are shown in Table I. 

According to what is presented in Fig .4 and Table I, it could 

be said that the accuracy of the second proposed estimator is 

higher than that of the first proposed estimator. 

 
Fig. 4. The comparison of the two proposed estimators in the 

sinusoidal time delay estimation problem. 

(a) Delay estimator based on LKF, (b) Delay estimator based on 

EKF. 

TABLE I 

THE COMPARISON OF THE ACCURACY OF THE PROPOSED 

ESTIMATORS IN SINUSOIDAL TIME DELAY ESTIMATION PROBLEM. 

Delay Estimator Mean of Squares of Estimation Error 

Proposed Method 1 (P.M.1) 0.68 

Proposed Method 1 (P.M.2) 0.32 

 

Next, the design of a tracker controller in accordance with 

the proposal in Section IV will be the goal so that the output 

of the closed-loop system will follow the reference input 

signal with a minimum error. For this purpose, four PID 

controllers are considered as multiple controllers (𝑁 = 4); 

that, in an offline optimization problem, with the cost 

function according to Eq. (9), the parameters of these 

controllers have to be calculated. It should be noted that the 

interval of delay variations should also be divided into the 

following four sub-intervals: 

{

0.65 ≤ 𝑑 < 1.65     → 𝑀1 = 1.15 
1.65 ≤ 𝑑 < 2.65     → 𝑀2 = 2.15
2.65 ≤ 𝑑 < 3.65     → 𝑀3 = 3.15
3.65 ≤ 𝑑 ≤ 4.65     → 𝑀4 = 4.15

     (17) 

As was mentioned in Section IV, 𝑀𝑖  is the center of the 𝑖th 

sub-frame of delay. It should be noted that each of the 

multiple controllers corresponds to a sub-band of the time 

delay. The corresponding transfer functions for multiple 

controllers are as follows: 

{
 
 

 
 𝑃𝐼𝐷1(𝑠) = 𝐾𝑃1 + 𝐾𝐼1

1

𝑠
+ 𝐾𝐷1𝑠

𝑃𝐼𝐷2(𝑠) = 𝐾𝑃2 + 𝐾𝐼2
1

𝑠
+ 𝐾𝐷2𝑠

𝑃𝐼𝐷3(𝑠) = 𝐾𝑃3 + 𝐾𝐼3
1

𝑠
+ 𝐾𝐷3𝑠

𝑃𝐼𝐷4(𝑠) = 𝐾𝑃4 + 𝐾𝐼4
1

𝑠
+ 𝐾𝐷4𝑠

        (18) 
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Where 𝑃𝐼𝐷𝑖(𝑠)  is the 𝑖 th controller transfer function 

(𝑓𝑜𝑟 𝑖 = 1,… , 𝑁 = 4). In Eq. (18) 𝐾𝑃𝑖 , 𝐾𝐷𝑖  and 𝐾𝑃𝑖  are 

proportional, derivative, and integral coefficients for the 𝑖th 

controller, respectively. Also according to Eq. (10)-(12) in 

Section IV, the supervisory rule for switching the above 

controllers will be as displayed in Fig. 5 where it is assumed 

that 𝐾 = 1 is assumed. 

 
Fig. 5. The block diagram of the switching mechanism of 

multiple controllers. 

After solving four optimization problems in the 3D space by 

a genetic algorithm, the parameters of the multiple controllers 

are set as follows: 

{

𝑃𝐼𝐷1:    𝐾𝑃1 = 0.74  , 𝐾𝐼1 = 0.11  , 𝐾𝐷1 = 0.12
𝑃𝐼𝐷2:    𝐾𝑃2 = 0.55  , 𝐾𝐼2 = 0.08  , 𝐾𝐷2 = 0.25
𝑃𝐼𝐷3:    𝐾𝑃3 = 0.25  , 𝐾𝐼3 = 0.06  , 𝐾𝐷3 = 0.11
𝑃𝐼𝐷4:    𝐾𝑃4 = 0.17  , 𝐾𝐼4 = 0.04  , 𝐾𝐷4 = 0.02

    (19) 

 

By specifying the delay estimator, switching, and multiple 

controllers mechanisms, simulation results for the proposed 

controller performance in several scenarios are presented 

below. To understand the importance of controlling the 

system specified in Eq. (13), the Nyquist diagram of this 

system for various time delays (available in the main band of 

delay variations) is shown in Fig. 6. As can be seen in this 

figure, the closed-loop system becomes unstable for delays of 

more than DM=2.6364 seconds because the Nyquist plot for 

the open-loop system has encircled clockwise the critical 

point −1. In such a situation, due to the variability of the 

time delay of the system, by fluctuating the delay signal 

around its critical value, the closed-loop system experiences 

various states of stability and instability, making it important 

to control these types of systems. 

 
Fig. 6. The Nyquist diagrams of the open-loop system, 𝑑 =

0,1,2,3,4. 

Fig. 7 illustrates the closed-loop system response in various 

conditions. In part (a) of Fig. 7, the closed-loop system 

response is observed in the presence of a PID controller 

whose parameters are set for the minimum delay (𝑑 = 0.65). 

Also In part (b) of this figure, the closed-loop system 

response is observed in the presence of a PID controller, but 

this time the parameters of this controller are set for the 

maximum delay (𝑑 = 0.65). 

The parameters of these controllers, adjusted for minimum 

and maximum delay, are given in Eq. (20) and (21), 

respectively. 

𝑃𝐼𝐷 𝑓𝑜𝑟 𝑑𝑚𝑖𝑛:    𝐾𝑃 = 0.68  , 𝐾𝐼 = 0.20  , 𝐾𝐷 = 0.10   (20) 

𝑃𝐼𝐷 𝑓𝑜𝑟 𝑑𝑚𝑎𝑥:    𝐾𝑃 = 0.19  , 𝐾𝐼 = 0.04  , 𝐾𝐷 = 0.01   (21) 

In part (c) of Fig. 7, the closed-loop system response is 

plotted in the presence of a multiple adaptive controller, 

which is actually the proposed controller. It should be noted 

that for this controller, a hard switching for the proposed 

controller is considered. That is, the constant of switching for 

the supervisory subsystem is assumed to be K = 100. Fig. 8 

also shows the control effort signal corresponding to each of 

the above three control systems. 

 
Fig. 7. The closed-loop system response depending on different 

controllers. 

 
Fig. 8. The variations of the control signal for different control 

systems. 
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Fig. 9 shows the closed-loop system response in the presence 

of the proposed controller. In parts (a) and (b) of this figure, 

the first and second proposed estimators (based on LKF and 

EKF) have the task of estimating the delay in the control 

system, respectively. Fig. 10 also shows the control effort 

corresponding to each of these two control systems above. 

 
Fig. 9. The closed-loop system response for the proposed 

controller, with soft switching, in the presence of the two 

proposed estimators. 

 
Fig. 10. The variations of the control signal for the proposed 

controller, with soft switching, in the presence of the two 

proposed estimators. 

To accurately compare the performance of the above 

controllers, two important control criteria in these systems are 

evaluated: 

1- Mean of squares of tracking error (MSTE): This criterion 

is used to measure the traceability of a controller and its exact 

value for a control system is derived from Eq. (22). 

MSTE =
1

n+1
∑ (y(kT) − uR(kT))

2n
k=0     (22) 

2- Mean of squares of control signal variations (MSCV): This 

criterion is to measure the effort of the control signal and its 

exact value in a control system can be calculated using Eq. 

(23). 

MSCV =
1

n
∑ (uC(kT) − uC((k − 1)T))

2n
k=1     (23) 

In which 𝑛 is the number of samples recorded for measuring 

the aforementioned criteria and 𝑇 is the sampling time for 

data recording. Tables II and III present MSTE and MSCV 

for all control systems included in this study, respectively. 

 

 

 

TABLE II 

THE COMPARISON OF TRACEABILITY  

Controller type 𝑀𝑆𝑇𝐸 

PID controller set for minimum delay time 58.28 

PID controller set for maximum delay time 2265 

MAC-hard switching- certain equivalent estimated delay 20.02 

MAC-soft switching- LKF delay estimator 17.49 

MAC-soft switching- EKF delay estimator 15.62 

TABLE III 

THE COMPARISON OF THE CONTROL SIGNAL EFFORT  

Controller type MSCV 

PID controller set for minimum delay time 0.0002 

PID controller set for maximum delay time 0.00003 

MAC-hard switching- certain equivalent estimated delay 0.02 

MAC-soft switching- LKF delay estimator 0.006 

MAC-soft switching- EKF delay estimator 0.004 

Finally, the input-output stability for the proposed control 

system should be analyzed in the BIBO sense [56]. Since the 

delay estimator and the switching mechanism are two 

essential parts of the control system, the stability of the 

closed-loop system should be examined in the presence of the 

proposed switching mechanism with different amounts of 

delay estimation (in the main band of delay changes). For this 

purpose, the stability of the proposed control system is 

examined for different values of 𝑑̂(𝑡) . Fig. 11 and 12 

represent bode and Nyquist diagrams of the open-loop system 

for the proposed control system, respectively. As can be seen 

in these figures, the system is BIBO-stable at a relatively safe 

margin for different estimates of the time delay. It should be 

noted that these diagrams have been plotted assuming the 

presence of multiple controllers and a supervisory mechanism 

in the control loop. It can be seen in Fig. 11 that, for the 

largest estimated delay, the closed-loop system with a gain 

margin of 7.44dB and a phase margin of 48.76deg is 

input-output stable. It is also apparent in Fig. 12 that, for the 

largest amount of delay, the closed-loop system is stable with 

a relatively safe margin. 

 
Fig. 11. The Bode diagrams for the open-loop system in the 

proposed control system for different values of estimated delay. 
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Fig. 12. The Nyquist diagrams for the open-loop system in the 

proposed control system for different values of estimated delay. 

 

VI. CONCLUSIONS 
 

This study presented a controller in MAC structure for a 

specific class of LTI systems with an unknown and 

time-varying delay. The most important reason that 

encouraged designers into using MAC structure is that the 

time delay variation band (uncertainty band) was large. In 

this designing process, the used adaptive controller is of the 

indirect type. It is obvious that an essential element in this 

type of controllers is the estimation mechanism of the plant 

parameters. In this paper, a novel method for designing a fast 

and accurate estimator was presented. The main idea behind 

this method is based on the performance of the Kalman filter 

observer (linear and extended) in estimating the states of 

linear and nonlinear systems. Particularly, considering the 

subject mentioned in Section II of this paper, the plant time 

delay was estimated using the proposed observer at an online 

mode and with acceptable precision. Multiple controllers 

used in this study are considered four PIDs corresponding to 

the four sub-bands of the delay. It should be noted that the 

parameters for each of the multiple controllers, for the system 

under control, were calculated offline and proportional to its 

corresponding time-delay sub-band, from solving several 

independent optimization problems in a 3D space using a 

genetic algorithm. Also in this study, a soft and continuous 

switching mechanism was presented in the adaptive 

subdivision to reduce the undesired effects of discrete 

switching in the MAC control structure, especially to reduce 

control effort. The simulation of different types of reference 

input signal and time delay signal were made on a sample 

system. The simulation results presented in Section V are 

indicative of a rather desired tracking performance for the 

proposed controller, a decrease in control effort in the 

proposed control system, a very low estimation error for the 

proposed estimator, as well as the closed-loop system 

stability. Two important points that are definitely effective in 

performance improvement of the proposed controller and 

estimator are as follows: 

1- In designing the estimator, using higher-order pade 

approximations for the time delay factor will definitely 

increase estimation precision. 

2- In designing the controller, an increase in the number of 

sub-bands for time delay, and hence an increase in the 

number of multiple controllers, will definitely decrease 

tracking error and control effort. 

Also, it should be noted that in case of optimal designing, 

the use of other controllers such as Smith controller and fuzzy 

PID, as well as using other continuous switching rules such 

as TSK fuzzy switching, in the proposed control structure 

may improve the efficiency of the proposed controller. 
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Recent research on the backstepping control of robotic systems has motivated us to design a robust backstepping 

voltage-based controller with computational simplicity and ease of implementation. In this paper, an adaptive robust 

tracking controller based on backstepping method (ARTB) is presented for uncertain electrically-driven robotic 

manipulators in the framework of voltage control strategy. It is intended to convert robot control problem to motor control 

problem. In the design procedure, the manipulator dynamics are incorporated into a lumped uncertainty, such that the 

proposed adaptation law promptly compensates for it. Hence, high tracking accuracy, robust behavior and less complexity 

are the prominent features of the proposed control system in the presence of external disturbances, parametric 

uncertainties and un-modeled dynamics. The stability of the closed-loop system is guaranteed based on the Lyapunov 

theory and the tracking error converges to zero asymptotically. As a case study, the proposed ARTB is simulated on a 

two-link robot manipulator driven by permanent magnet DC motors. Numerical simulations are included to show the 

superiority of the proposed controller to a state augmented adaptive backstepping method, a sliding backstepping 

controller and an adaptive backstepping sliding mode control in tracking the desired trajectory. 
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I. INTRODUCTION 

Robotic manipulators play an important role in many 

applications; hence, tracking purpose is a significant and 

challenging issue in robotics. As a result, numerous control 

techniques have been reported in the literature to achieve 

proper tracking of robotic systems in the presence of 

uncertainties [1]–[4]. In [5], a neuro fuzzy sliding mode 

control was proposed for a two-link robot manipulator, in 

which the parameters of sliding surface were optimized using 

PSO algorithm. Yin et al. [6] developed an adaptive robust 

tracking controller for an industrial robot such that the 

parametric estimation errors were compensated for through 

the projection-type adaptation mechanism. Yovchev et al. [7] 

suggested an iterative learning method to control the motion 

of the robot arm in a constrained state space in the presence 

of uncertainties. In [8], velocity and disturbance observers 

were designed to construct a tracking controller for uncertain 

robot manipulators. 

 Among the control approaches, the backstepping method is 

a powerful systematic Lyapunov-based control scheme which 

solves the regulation and tracking control problems of 

nonlinear strict-feedback systems [9]–[12]. To achieve 

high-accuracy tracking and extend the applicability of the 

backstepping method for robotic systems, it has been 

combined with other techniques as clearly reported in the 

literature. In [13], an adaptive backstepping control based on 

state augmentation was designed for a robotic manipulator. 

Nikdel et al. [14] proposed a fractional-order adaptive 

backstepping control for robotic systems in the presence of 

uncertainties. A fuzzy backstepping approach was proposed 

for robot manipulators using the funnel control technique [15]. 
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In [16], a PID fuzzy backstepping algorithm was presented to 

control the flexible-joint robot manipulator. Vijay et al. [17] 

suggested an observer-based backstepping terminal sliding 

mode control for robot manipulator, so that a neural network 

system was employed to approximate the unknown terms. In 

[18], an adaptive fuzzy backstepping control was reported for 

flexible-joint robotic manipulators with full state constraints. 

Likewise, a time-varying output constrained control was 

addressed for robotic manipulator on the basis of adaptive 

neural backstepping method [19]. Furthermore, an adaptive 

backstepping fixed-time control was constructed for MIMO 

systems, with a focus on the robotic manipulator subject to 

the output constraints [20]. Similarly, an adaptive finite-time 

control based on the backstepping method was proposed for 

robotic manipulators with funnel boundary [21]. Although 

[18]-[21] can be considered as the recent backstepping-based 

studies on the robotic manipulators, the design structures 

were based on the torque control strategy (TCS), the same as 

other studies reported in [1]- [17]. In other words, the 

actuator dynamics were ignored in the control designs. As a 

result, there would seem to be some problems (such as 

sensing limits and long process time) with the practical 

implementation of the TCS [22]. Moreover, the TCS-based 

control suffers from computational burden since the highly 

coupled nonlinear model of robot manipulators is directly 

involved in the construction of the control signal. Another 

drawback of the aforesaid studies [18]-[21] is that it may be 

difficult to be implemented on a real industrial robot in 

practice due to the complexity of the adaptation mechanism. 

  To overcome the drawbacks caused by TCS, voltage 

control strategy (VCS) was introduced by Fateh [22] to 

control electrically-driven robotic manipulators; in this case, 

the robot control problem was converted into the motor 

control problem with the aid of current feedback. The control 

law based on VCS is a model-free approach that also can be 

used in the high-speed tracking purposes for robotic 

manipulators. Several VCS-based control methods have been 

applied to robotic systems [23]–[26]. However, design of 

robust backstepping-based control using VCS is still an open 

issue for the robotic system. It is worth noting that even 

though some studies on the robotic manipulator have 

considered the motor dynamics in the modeling of the system, 

they have not followed the VCS since the manipulator 

dynamics were also involved in the control input, which 

made it more complex [27]–[30].  

Inspired by the above discussions, this paper attempts to 

investigate the problem of adaptive voltage-based 

backstepping tracking control for uncertain robotic 

manipulators including actuator dynamics. First, a 

strict-feedback form of the integrated robotic system is 

proposed in the presence of external disturbances, 

un-modeled dynamics and parametric uncertainties. Then, 

two simple adaptation laws are obtained to compensate for 

lumped uncertainties in the framework of VCS. As a result, 

the proposed Lyapunov-based method has a robust behavior 

and the complexity of the control signal is reduced 

accordingly. Briefly, the contributions of the paper can be 

summarized as follows: 

 Under external disturbances, un-modeled dynamics and 

parametric uncertainties, the model of robotic 

manipulator including actuator dynamics is presented in 

the form of an uncertain strict-feedback system. 

 An adaptive robust voltage-based backstepping tracking 

controller is developed for electrically-driven robotic 

manipulators. To this end, two simple adaptive laws are 

obtained to compensate for the lumped uncertainties in 

the framework of VCS.  

 With the aid of VCS, the practical restrictions of TCS 

are eliminated for the robotic system. Accordingly, the 

complexity of the control signal is reduced. 

 Robust behavior, guaranteed stability and acceptable 

tracking error are the features of the proposed control 

law. 

The rest of this paper is organized as follows: Section 2 

presents the strict-feedback form of the electrically-driven 

robot manipulator. Section 3 introduces the proposed ARTB 

and the stability analysis is described in Section 4. Results 

and discussions are expressed in Section 5 in two 

subsections: first, the simulation results of ARTB are 

illustrated; then, three different backstepping-based 

controllers are simulated for comparison and the results are 

depicted. Finally, Section 6 concludes the paper. 

 

II. MODELING 

  Deriving the strict feedback form of the robotic system is 

necessary for designing a suitable backstepping controller. 

All the equations are presented for a general n-DOF robot 

manipulator and a two-link manipulator including actuators is 

regarded as a case study. The manipulator dynamics is 

described [31] as 

 (1) 𝐷(𝑞)𝑞̈ + 𝐶(𝑞. 𝑞̇)𝑞̇ + 𝐺(𝑞) = 𝜏 

where 𝑞 , 𝑞̇ ∈ 𝑅𝑛  and 𝑞̈ ∈ 𝑅𝑛  are the joint positions, the 

vector of joint velocity and acceleration, respectively. 

𝐷(𝑞) ∈ 𝑅𝑛×𝑛 represents the inertia matrix, 𝐶(𝑞. 𝑞̇)𝜖𝑅𝑛×𝑛 is 

the Coriolis and Centrifugal torques, 𝐺(𝑞) ∈ 𝑅𝑛  is the 

vector of gravitational torques and 𝜏 ∈ 𝑅𝑛  represents the 

vector of the joint torque provided by electrical motors as 

follow 

 (2) 
𝐽𝑚𝜃̈𝑚 + 𝐵𝑚𝜃̇𝑚 + 𝑟𝜏 = 𝜏𝑚 

where 𝐽𝑚  and 𝐵𝑚  are the inertia and damping diagonal 

matrices for the motors. The motor torque (𝜏𝑚) is produced 

by the motor current (𝐼𝑎) regarding the following equation 

as 
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(3) 
𝜏𝑚 = 𝐾𝑚𝐼𝑎 

in which 𝐾𝑚 is a diagonal constant matrix. The proportion 

of motor position vector (𝜃𝑚) to the joint position vector is 

introduced as  

 (4)  𝑞 = 𝑟𝜃𝑚  →   𝜃𝑚 = 𝑟−1𝑞 

where 𝑟 ∈ 𝑅𝑛∗𝑛 is the gear coefficient matrix. Substituting Equ. 

(3) and the derivatives of Equ. (4) up to the second order into 

Equ. (2) results in 

(5) 𝐽𝑚𝑟−1𝑞̈ + 𝐵𝑚𝑟−1𝑞̇ + 𝑟𝜏 = 𝐾𝑚𝐼𝑎  → 

    𝑞̈ = −𝐽𝑚
−1𝐵𝑚𝑞̇ + 𝑟𝐽𝑚

−1𝐾𝑚𝐼𝑎 − 𝑟2𝐽𝑚
−1𝜏 

The voltage of motors is considered as the control inputs. The 

electrical dynamic of motors is represented as 

(6) 
𝑉 = 𝑅𝐼𝑎 + 𝐿𝐼𝑎̇ + 𝑘𝑏𝜃̇𝑚 + 𝜙(𝑡) + 𝐹(𝑞̇) 

where 𝑘𝑏, 𝑅  and 𝐿  are 𝑛 × 𝑛  diagonal matrices for the 

back-emf constant, the resistance and inductance of motors, 

respectively. Moreover, 𝜙(𝑡)  stands for external 

disturbances while the un-modeled dynamics are represented 

by 𝐹(𝑞̇). Equ. (6) can be written as 

(7) 
𝐼𝑎̇ = 𝐿−1𝑉 − 𝐿−1𝑅𝐼𝑎 − 𝐿−1𝑘𝑏𝑟−1𝑞̇ − 𝐿−1(𝜙(𝑡)

+ 𝐹(𝑞̇)) 

By defining the state vector as 𝑋 = (𝑞, 𝑞̇, 𝐼𝑎)𝑇and using Equs. 

(1), (5) and (7), the state-space model of the integrated 

robotic system is introduced as 

(8)  

𝑥̇1 = 𝑥2 

𝑥̇2 = −𝐽𝑚
−1𝐵𝑚𝑥2 + 𝑟𝐽𝑚

−1𝐾𝑚𝑥3 −  𝑟2𝐽𝑚
−1(𝐷(𝑞)𝑞̈

+ 𝐶(𝑞. 𝑞̇)𝑞̇ + 𝐺(𝑞)) 

𝑥̇3 = −𝐿−1𝐾𝑏𝑟−1𝑥2 − 𝐿−1𝑅𝑥3 + 𝐿−1𝑉 − 𝐿−1(𝜙(𝑡)

+ 𝐹(𝑞̇)) 

For the sake of simplicity, Equ. (8) is formed as 

 
(9) 

𝑥̇1 = 𝑥2 
𝑥̇2 = −𝑎1𝑥2 + 𝑎2𝑥3 − 𝑟2𝐽𝑚

−1(𝐷(𝑞)𝑞̈ + 𝐶(𝑞. 𝑞̇)𝑞̇

+ 𝐺(𝑞)) 

𝑥̇3 = −𝑎3𝑥2 − 𝑎4𝑥3 + 𝑎5𝑢 − 𝑎5(𝜙(𝑡) + 𝐹(𝑞̇)) 

where 

(10) 
𝑎1 = 𝐽𝑚

−1𝐵𝑚 , 𝑎2 = 𝑟𝐽𝑚
−1𝐾𝑚 , 𝑎3 = 𝐿−1𝐾𝑏𝑟−1, 

𝑎4 = 𝐿−1𝑅 , 𝑎5 = 𝐿−1 

With respect to the nominal values of the weighted functions 

(𝑎1, … , 𝑎5), Equ. (9) can be expressed as 

 (11) 
𝑥̇1 = 𝑥2 
𝑥̇2 = −𝑎̂1𝑥2 + 𝑎̂2𝑥3 + 𝑑1 

𝑥̇3 = −𝑎̂3𝑥2 − 𝑎̂4𝑥3 + 𝑎̂5𝑢 + 𝑑2 
where 𝑎̂1, … , 𝑎̂5 are the nominal values and 𝑑1 and 𝑑2 are 

represented as  

 (12) 

𝑑1 = −𝑟2𝐽𝑚
−1(𝐷(𝑞)𝑞̈ + 𝐶(𝑞. 𝑞̇)𝑞̇ + 𝐺(𝑞))

+ (𝑎̂1 − 𝑎1)𝑥2 − (𝑎̂2 − 𝑎2)𝑥3 

𝑑2 = −𝑎5(𝜙(𝑡) + 𝐹(𝑞̇)) + (𝑎̂3 − 𝑎3)𝑥2  

+ (𝑎̂4 − 𝑎4)𝑥3 − (𝑎̂5 − 𝑎5)𝑢 

The terms 𝐷(𝑞), 𝐺(𝑞), 𝐶(𝑞, 𝑞̇), 𝐹(𝑞̇), 𝜙(𝑡)  and the 

differences between the real values and the nominal values of 

the weighted functions are included in the lumped 

uncertainties 𝑑1  and 𝑑2  as described by Equ. (12) and 

considered in the state space model Equ. (11). Note that 

𝑎̂𝑖 , 𝑖 = 1, … ,5  are known constant matrices, however 

𝑑𝑗  , 𝑗 = 1,2 are unknown terms which are estimated via 

adaptation laws in the next section. Backstepping control is 

developed for Equ. (11) since it can be written in the form of 

strict feedback as follows: 

 (13) 
𝜂̇ = 𝑓(𝜂) + 𝑔(𝜂)𝜁 + 𝑑1 

𝜁̇ = 𝑓𝑎(𝜂, 𝜁) + 𝑔𝑎(𝜂, 𝜁)𝑢 + 𝑑2 

where 

 (14) 

𝜂 = (
𝑥1

𝑥2
) , 𝜁 = 𝑥3 , 

𝑓(𝜂) = (
𝑥2

−𝑎̂1𝑥2
)   ,    𝑔(𝜂) = (

0
𝑎̂2

) , 

𝑓𝑎(𝜂, 𝜁) = −𝑎̂3𝑥2 − 𝑎̂4𝑥3 , 

𝑔𝑎(𝜂, 𝜁) = 𝑎̂5     

 

III. CONTROL DESIGN 

In this section, a robust voltage controller based on 

backstepping method is designed for robot manipulator. The 

voltage-based controller obviates the complexity explosion of 

control effort and make the design too simple since the 

lumped uncertainties are compensated by two simple 

adaptation laws. More details and stability proof are given in 

what follows. 

Step1) The position error is defined as 

 (15) 𝑒1 = 𝑥1 − 𝑥1𝑑 

where 𝑥1𝑑  is the desired angle and 𝑒1  represents the 

tracking error. The derivative of 𝑒1 is defined as 

 (16) 𝑒̇1 = 𝑥̇1 − 𝑥̇1𝑑 = 𝑥2 − 𝑥̇1𝑑 = 𝑒2 

For the first subsystem, the Lyapunov function is suggested 

as 

 (17) 𝑉1 =
1

2
𝑒1

𝑇𝑒1 

Taking the derivative of 𝑉1 results in 

 (18) 𝑉̇1 = 𝑒1
𝑇 𝑒̇1 = 𝑒1

𝑇𝑒2 

while the virtual control signal is chosen as 𝑒2 = −𝜆1𝑒1, the 

first subsystem become stable (𝑉̇1 = −𝑒1
𝑇𝜆1𝑒1 ≤ 0). 

Step2) We define 𝑧 for the second subsystem as 

 (19) 𝑧 = 𝑒2 + 𝜆1𝑒1 

where 𝜆1 is a positive diagonal matrix. Using the second 

subsystem of Equ. (11), the derivative of Equ. (19) can be 

written as  
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 (20) 
𝑧̇ = 𝑒̇2 + 𝜆1𝑒̇1 = (−𝑎̂1𝑥2 + 𝑎̂2𝑥3 + 𝑑1 − 𝑥̈1𝑑) + 𝜆1𝑧

− 𝜆1
2𝑒1 

The Lyapunov function is defined as 

 (21) 𝑉2 = 𝑉1 +
1

2
𝑧𝑇𝑧 +

1

2
𝑑̃1

𝑇𝛾−1𝑑̃1 

where 𝑑̃1 = 𝑑1 − 𝑑̂1 . Thus, the derivative of 𝑉2  is 

calculated as 

 (22) 𝑉̇2 = 𝑉̇1 + 𝑧𝑇 𝑧̇ − 𝑑̃1
𝑇𝛾1

−1𝑑̇̂1 

Substituting Equs. (18), (19) and (20) into Equ. (22) is 

written as 

 (23) 
𝑉̇2 = 𝑒1

𝑇(𝑧 − 𝜆1𝑒1) + 𝑧𝑇(−𝑎̂1𝑥2 + 𝑎̂2𝑥3 + 𝑑1 − 𝑥̈1𝑑

+ 𝜆1𝑧 − 𝜆1
2𝑒1) − 𝑑̃1

𝑇𝛾1
−1𝑑̇̂1 

Now by defining the 𝑒3 = 𝑥3 − 𝑥3𝑑 , 𝑉̇2 is rewritten as 

 (24) 

𝑉̇2 = −𝑒1
𝑇𝜆𝑒1 + 𝑒1

𝑇𝑧 − 𝑑̃1
𝑇𝛾1

−1𝑑̇̂1 

+𝑧𝑇(−𝑎̂1𝑥2 + 𝑎̂2𝑒3 + 𝑎̂2𝑥3𝑑 + 𝑑1 − 𝑥̈1𝑑 + 𝜆1𝑧

− 𝜆1
2𝑒1) 

𝑥3𝑑 is regarded as the virtual control input which can be 

chosen as 

 (25) 
𝑥3𝑑 = (𝑎̂2)−1(𝑎̂1𝑥2 + 𝑥̈1𝑑 − 𝜆1𝑧 + 𝜆1

2 𝑒1 − 𝑒1 − 𝜆2𝑧

− 𝑑̂1) 

where 𝜆2 is a positive gain matrix. Substituting Equ. (25) 

into Equ. (24), the derivative of 𝑉2 is simplified as 

 (26) 𝑉̇2 = −𝑒1
𝑇𝜆1𝑒1 − 𝑧𝑇𝜆2𝑧 + 𝑧𝑇𝑎̂2𝑒3 − 𝑑̃1

𝑇 (𝑧 −  𝛾1
−1𝑑̇̂1) 

Thus, if the first adaptation law is chosen as 𝑑̇̂1 = 𝛾1𝑧, (𝛾1is 

a positive constant matrix) then 𝑉̇2 is obtained as 

 (27) 𝑉̇2 = −𝑒1
𝑇𝜆1𝑒1 − 𝑧𝑇𝜆2𝑧 + 𝑧𝑇𝑎̂2𝑒3 

Step3) Taking the derivative of 𝑒3 and replacing the third 

subsystem of Equ. (11) yields 

 (28) 𝑒̇3 = 𝑥̇3 − 𝑥̇3𝑑 = −𝑎̂3𝑥2 − 𝑎̂4𝑥3 + 𝑎̂5𝑢 + 𝑑2 − 𝑥̇3𝑑 

The final positive definite Lyapunov function is introduced as 

 (29) 𝑉3 = 𝑉2 +
1

2
𝑒3

𝑇𝑒3 +
1

2
𝑑̃2

𝑇𝛾2
−1𝑑̃2 

Then, substituting Equ. (28) into the derivative of Equ. (29) 

results in  

 (30) 

𝑉̇3 = −𝑒1
𝑇𝜆1𝑒1 − 𝑧𝑇𝜆2𝑧 + 𝑧𝑇𝑎̂2𝑒3 − 𝑑̃2

𝑇𝛾2
−1𝑑̇̂2

+ 𝑒3
𝑇(−𝑎̂3𝑥2 − 𝑎̂4𝑥3 + 𝑎̂5𝑢 + 𝑑2

− 𝑥̇3𝑑) 

We choose the control input 𝑢 in the following form 

 (31) 𝑢 = (𝑎̂5)−1[𝑎̂4𝑥3 + 𝑎̂3𝑥2 − 𝑑̂2 + 𝑥̇3𝑑 − 𝜆3𝑒3 − 𝑎̂2
𝑇𝑧] 

where 𝜆3 is a positive gain and the second adaptation law is 

chosen as 

 (32) 𝑑̇̂2 = 𝛾2𝑒3 

Finally, substituting Equ. (31) and Equ. (32) into Equ. (30) 

results in 

 (33) 𝑉̇3 = −𝑒1
𝑇𝜆1𝑒1 − 𝑧𝑇𝜆2𝑧 − 𝑒3

𝑇𝜆3𝑒3 ≤ 0 

Therefore, the voltage control law Equ. (31) guarantees the 

stability of the closed-loop system. The Block diagram of the 

proposed controller is shown in Fig.1. 

 

IV. STABILITY ANALYSIS 

Some assumptions are considered to verify the stability and 

well tracking of the proposed ARTB in the presence of 

uncertainties. It is worth noting that the assumptions are very 

common for nonlinear systems as clearly found in the 

literature. 

Assumption 1: The desired trajectory 𝑞𝑑 is required to be 

continuous and smooth such that its derivatives up to a 

necessary order are available and all uniformly bounded [23].  

Assumption 2: The external disturbance 𝜙(𝑡) is bounded as 

|𝜙(𝑡)| ≤ 𝜙𝑚𝑎𝑥 where 𝜙𝑚𝑎𝑥 is a positive constant [23]. 

Assumption 3: In general, the adaptation loop is processed 

with infinite operating frequency. Since the sampling interval 

is short enough as compared with the variation of 𝑑1 and 𝑑2, 

the lumped uncertainty terms are also assumed to be constant 

during estimation. As a result, the variations of the lumped 

uncertainties are considered to be zero in the adaptation 

process [32], [33]. 

Assumption 4: In order to protect the electrical motor against 

over voltage, we assume that the motor voltage is bounded as 

|𝑢(𝑡)| ≤ 𝑢𝑚𝑎𝑥 [23], [25]. 

   According to the previous section, the Lyapunov function 

is presented as 

 (34) 

𝑉𝑓 =
1

2
𝑒1

𝑇𝑒1 +
1

2
𝑧𝑇𝑧 +

1

2
𝑒3

𝑇𝑒3 +
1

2
𝑑̃2

𝑇𝛾2
−1𝑑̃2

+
1

2
𝑑̃2

𝑇𝛾2
−1𝑑̃2 

and the derivative of Equ. (34) results in 

 (35) 𝑉̇𝑓 = −𝑒1
𝑇𝜆1𝑒1 − 𝑧𝑇𝜆2𝑧 − 𝑒3

𝑇𝜆3𝑒3 ≤ 0 

From Equ. (34) and Equ. (35), the boundedness of 

𝑒1, 𝑧, 𝑒3, 𝑑̃1  and 𝑑̃2  are verified [34].  Based on the 

Assumption 1, 𝑞𝑑 and 𝑞̇𝑑 are bounded; hence boundedness 

of 𝑒1  and 𝑧  follows the boundedness of 𝑞  and 𝑞̇ , 

respectively. The boundedness of 𝐼𝑎  is depended on the 

boundedness of 𝑥3𝑑 due to 𝐼𝑎 = 𝑥3 = 𝑒3 + 𝑥3𝑑; From Equ. 

(25), 𝑥3𝑑 is the virtual input composed of 𝑥̈1𝑑 , 𝑒1, 𝑧 and 𝑑̂1. 

According to the Assumption 3, 𝑑1 is bounded. hence 𝑑̂1 is 

bounded with respect to the definition 𝑑̂1 = 𝑑1 − 𝑑̃1 . 

Therefore, 𝑥3𝑑  is bounded so the boundedness of 𝐼𝑎  is 

confirmed. Moreover, the boundedness of  𝑑̂2  is proven 

similar to the boundedness of 𝑑̂1. Assumption 4 implies that 

the motor voltage is bounded, thus the proposed control 
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signal Equ. (31) is valid. So the guaranteed stability of the 

proposed ARTB is concluded.  

V. RESULTS AND DISCUSSIONS 

Two subsections are considered to show the feasibility and 

effectiveness of the proposed controller. First, the proposed 

ARTB is applied to the uncertain electrically-driven robotic 

system and the results are presented; then, the second 

subsection is devoted to the comparison scenarios. The case 

study is a two-link robot manipulator driven by permanent 

magnet DC motors. The actuator specifications are presented 

in Table. 1 [35]. The desired trajectory for each joint is 

shown in Fig.2 since it is a smooth and differentiable path. As 

shown in Fig.3, the rectangular wave is an example of the 

external disturbance, similar to the one used in [25]. The 

ability of the proposed controller can be evaluated when 

facing the jumps in the external disturbance. In addition, 

𝐹(𝑞̇) in (12) is also regarded as 0.1𝑞̇ for the simulation. To 

consider the parametric uncertainties for the weighted 

functions, 𝑎̂𝑖 is assumed to be 90% of the real value 𝑎𝑖. 

 

A. Tracking Performance of the Proposed Controller 

The proposed ARTB given by Equ. (31) is simulated with 

the following parameters: 

 (36) 
𝜆1 = 𝜆2 = 𝜆3 = 100 × 𝐼2×2, 

 𝛾1 = [100 0; 0 500], 𝛾2 = 50 × 𝐼2×2 

The satisfactory tracking performance of the proposed ARTB 

under the uncertainties is shown in Fig. 4. The four impulses 

in the zoomed mode of tracking performances are due to the 

four jumps in the profile of the external disturbance. It is 

shown that the jump times in Fig. 3 match the impulse times 

in Fig. 4(c) and (d). In addition, the impulses in the tracking 

performances are about 10−5 rad which are ignorable. As 

shown in Fig. 5, the behavior of the control inputs is smooth 

without the chattering problem. At first, the tracking error is 

high, so the controller injects high voltage into the system. 

Thus, the saturation is utilized to limit the voltage in the 

acceptable range. However, the input saturation influences 

for a short period in the control system. Afterwards, the range 

of voltages is permitted considering the type of motors. 

Hence, the effect of input saturation can be neglected after 

passing the transient state. Fig. 6 depicts the responses of 𝑑1 

and its estimation 𝑑̂1. It is demonstrated that the difference is 

ignorable. Likewise, 𝑑2 and its estimation are given in Fig. 7, 

where 𝑑̂2  tracks 𝑑2  as well. Therefore, the behavior of 

estimations is acceptable. 

From this part of this study, it is concluded that the proposed 

control law succeeds in tracking the desired trajectory against 

uncertainties. In other words, the ARTB design is simple as 

well as more efficient since the complexity of control signal 

is eliminated by the voltage control strategy. 

B. Comparison Scenarios 

1) Example 1: State augmented adaptive backstepping 

control (SAAB) 

First, it is worth noting that recent relevant papers on 

robotic systems have been developed based on the TCS, 

while the VCS has been rarely addressed in the literature, as 

clearly mentioned in this research. To this reason, the VCS is 

employed in this study. However, our control design is 

compared with three relevant papers applied to the robotic 

manipulators. The first scheme considered for the comparison 

is a state augmented adaptive backstepping (SAAB) control, 

adopted from [13]. To have a fair comparison, the model of 

robotic system is rewritten considering the motor dynamics. 

To this end, the final control law is obtained as 

 (37) 𝑢 = 𝜙𝜃 + 𝑀 (

𝑘𝑝𝑥3 + 𝑘𝑖𝑥2 + 𝑛𝑥2

+𝑘𝑑 (𝑥3 + 𝑘𝑝𝑥2 +
𝑘𝑖

𝑛
𝑥1)

) 

where 𝑘𝑝, 𝑘𝑖 , 𝑘𝑑 are positive constants. Variables 𝑥1, 𝑥2 and 

𝑥3  are also defined as 𝑛 ∫ 𝑒𝑑𝑡
𝑡

0
, 𝑒 and 𝑒̇. The adaptation 

law is suggested as 

 (38) 𝜃̇ = 𝛾𝜙𝑇𝑀−1 (𝑥3 + 𝑘𝑝𝑥2 +
𝑘𝑖

𝑛
𝑥1) 

Vector 𝜙  is the regressor of the system derived from 

𝑀(𝑞)𝑞̈𝑑 + 𝐻(𝑞, 𝑞̇) = 𝜙𝜃, where 

 (39) 

𝑀(𝑞) = 𝑅𝐾𝑚
−1𝐽𝑚𝑟−1 + 𝑅𝐾𝑚

−1𝑟𝐷(𝑞) 

𝐻(𝑞, 𝑞̇) = (
𝑅𝐾𝑚

−1𝐵𝑚𝑟−1 + 𝐾𝑏𝑟−1

+𝑅𝐾𝑚
−1𝑟𝐶(𝑞, 𝑞̇)

) 𝑞̇ + 𝑅𝐾𝑚
−1𝑟𝐺(𝑞) 

The mathematical proof is omitted for brevity. More details 

of the design procedure can be found in [13]. The tuning 

parameters are chosen as 𝑛 = 5, 𝑘𝑝 = 10, 𝑘𝑑 = 5 and 𝑘𝑖 =

0.1. The tracking responses as well as tracking errors are 

shown in Fig. 8. The voltage of motors is depicted in Fig. 9. 

According to Figs. 8-9, the SAAB controller behaves well in 

tracking the desired trajectory with ignorable errors. However, 

the manipulator dynamics is involved in the control signal 

and adaptive law, which increases the complexity of design. 

In addition, the amplitude of the voltages is larger than our 

proposed method, in which some limitations may exist in 

practice with regard to the type of motors.  

2) Example 2: Sliding mode-based adaptive backstepping 

design (SMAB) 

To evaluate the strength of our proposed voltage-based 

controller, the control technique reported in [36] is also 

considered for the comparison. The actuator dynamics were 

included in the design procedure as addressed in the 

mentioned paper. The control input is provided as  

 (40) 𝑢 = 𝑅𝐼𝑎 + 𝑘𝑏𝑞̇ + 𝐿𝐻−1𝑓2 − 𝜌𝑧2 

where the sliding surface 𝑠 is defined as 𝑞̇ − 𝑞̇𝑑 + 𝐾(𝑞 −

𝑞𝑑)  and also 𝑧2  and 𝑓2  can be obtained through the 

backstepping method in the following form:
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Fig. 1. The Block diagram of the proposed voltage-based backstepping control law (31) 

 

TABLE I 

SPECIFICATIONS OF DC MOTORS 

𝑀𝑜𝑡𝑜𝑟𝑠 𝑢𝑚𝑎𝑥 

(v) 

𝑅 

(𝛺) 

𝐽𝑚 

(
𝑁𝑚. 𝑠2

𝑟𝑎𝑑
) 

𝐵𝑚 

(
𝑁𝑚. 𝑠

𝑟𝑎𝑑
) 

𝐿 

(𝐻) 

𝐾𝑏  

(
𝑉. 𝑠

𝑟𝑎𝑑
) 

𝑟 

1,2 50 1.6 0.0002 0.001 0.001 0.26 0.01 

 

 

Fig. 2. The desired trajectory   

 (41) 𝑧2 = 𝐼𝑎 − 𝐻−1(𝑌𝜃 − 𝐷(𝑞)𝑠𝑎𝑡(
𝑠

𝜖
)) 

 (42) 
𝑓2 = 𝑌̇𝜃 + 𝑌𝜃̇ − 𝐷̇(𝑞)𝑠𝑎𝑡 (

𝑠

𝜖
) − 𝐷(𝑞)𝑠𝑎𝑡̇ (

𝑠

𝜖
) − 𝐻𝐼𝑎

+ 𝑌𝜃 

 in which the adaptive law is expressed as 

(43) 𝜃̇ = −Γ(𝐷−1(𝑞)𝑠 + 𝐻−1𝑧2)𝑌 

The tuning parameters are set to 𝐾 = 25 × 𝐼2×2, Γ = 48 ×

𝐼2×2 and 𝜌 = 100 × 𝐼2×2. More details were given in [36]. 

The initial conditions, the trajectory and the external 

disturbances are the same as the one used in our proposed 

method. As shown in Fig. 10, the tracking performance of 

SMAB is acceptable in the presence of uncertainties. The 

control inputs are located under the valid limited value as 

depicted in Fig. 11. However, the SMAB suffers from 

computational burden with respect to Equs. (40)-(43). In 

other words, the control effort has become more complex and 

difficult to be implemented on the industrial robotic 

manipulators. 

 

Fig. 3. The shape of external disturbance 

 

3) Example 3: Adaptive backstepping sliding mode control 

(ABSM)   

For comparison, an adaptive backstepping sliding mode 

control approach is also adopted from [37] and redesigned for 

the model of integrated robotic system. Similar to the 

previous subsections, all the simulation configuration (initial  
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Fig. 4. (ARTB): (a) Tracking performance of first joint (b) Tracking      

performance of second joint (c) Zooming of (a) (d) Zooming of (b) 

 

 

 

Fig. 5. (ARTB): (a) The control input of first joint (b) The control input 

of second joint (c) Zooming of (a) (d) Zooming of (b) 

 

Fig. 6. Lumped Uncertainty Estimation 1: (a) d11 and d̂11 (b) d12 and 

d̂12 (c) Zooming of (a) (d) Zooming of (b) 

 

 

 

 

Fig. 7. Lumped Uncertainty Estimation 2: (a) d21 and d̂21(b) d22 

and d̂22 (c) Zooming of (a) (d) Zooming of (b) 

 

Fig. 8. Comparison 1: (SAAB) (a) Tracking response-first joint (b) 

Tracking response-second joint (c) Tracking error-first joint (d) Tracking 

error- second joint 

 

 

 

Fig. 9. Comparison 1: (SAAB) (a) Control input 1 (b) Control input 2 
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Fig. 10. Comparison 2: (SMAB) (a) Tracking response of first joint  

(b) Tracking response of second joint (c) Tracking error of first joint (d) 

Tracking error of second joint 

 

 

Fig. 11. Comparison 2: (SMAB) (a) Control effort of first joint (b) 

Control effort of second joint 

 

Fig. 12. Comparison 3: (ABSM) (a) Tracking error of first joint (b) 

Tracking error of second joint (c) Voltage of motor 1 (d) Voltage of 

motor 2   

 

conditions, desired trajectory, external disturbance) are the 

same as one employed in the proposed ARTB controller. 

Therefore, the virtual input and the control input were derived 

as 

 (44) 
𝑥3𝑑 = 𝑎̂2

−1(𝑎̂1𝑞̇ + 𝑞̈𝑑 − 𝑘1(𝑞̇ − 𝑞̇𝑑) − 𝜆1𝑠1

− 𝛾1𝑠𝑔𝑛(𝑠1)) 

 (45) 
𝑢 = 𝑎̂5

−1(𝑎̂3𝑞̇ + 𝑎̂4𝐼 − 𝜆2𝑠2 + 𝐼𝑑̇ − 𝑎̂2𝑠1

− 𝛾2𝑠𝑔𝑛(𝑠2)) 

 in which 𝑠1 = (𝑞̇ − 𝑞̇𝑑) + 𝑘1(𝑞 − 𝑞𝑑) and 𝑠2 = 𝐼𝑎 − 𝑥3𝑑 . 

Furthermore, the upper bound of uncertainties can be 

obtained as 

 (46) 𝛾̇1 = 𝛼1‖𝑠1‖,  𝛾̇2 = 𝛼2‖𝑠2‖ 

The tuning parameters are chosen as 𝑘1 = 150 × 𝐼2×2, 𝜆1 =

20 × 𝐼2×2, 𝜆2 = 10 × 𝐼2×2, 𝛼1 = 𝑑𝑖𝑎𝑔(10,50) and 𝛼2 = 2 ×

𝐼2×2. Fig. 12(a)-(b) shows the tracking responses of ABSM 

controller. The voltage of motors is also exhibited in Fig. 

12(c)-(d). Due to the existence of sign function in Equ. (44) 

and Equ. (45), the chattering phenomenon is appeared in the 

control inputs, which may damage to the actuators. To reduce 

the mentioned drawback, the saturation function can be used 

instead of sign function. However, it may lead to increase the 

tracking errors. Thus, a trade-off needs to considered between 

the stability and performance. It should be mentioned that our 

proposed method (ARTB) is relaxed from the aforesaid 

drawback. 

To make a better comparison between the results of the 

control methods, we employ the performance criterion IAE 

(integral of absolute value of error), such that the superiority 

of the proposed ARTB to SAAB [13], SMAB [36] and 

ABSM [37] is shown in Table 2.  

   As a result, the main differences of the proposed 

controller ARTB with other methods can be listed as follows: 

1) According to the IAE criterion, ARTB plays better 

performance in comparison with other methods. 

2) ARTB is free from the manipulator dynamics while it is 

involved in SAAB and SMAB. Besides, our proposed 

adaptation mechanism is simpler than the laws described by 

(38) and (43). 

3) ARTB is relaxed from the chattering phenomenon while 

ABSM suffers from it. 

 

TABLE II 

THE PERFORMANCE INDEX (IAE) 

Control approach Joint 1 Joint 2 

The proposed ARTB 0.0082 0.0065 

SAAB 0.0312 0.0102 

SMAB 0.1988 0.0782 

ABSM 0.0183 0.0094 

 

VI. CONCLUSIONS 
 

In this paper, an adaptive robust backstepping control law 

was proposed for the robot manipulator driven by electrical 

motors. First, a strict feedback form of the integrated robotic 
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system was presented and, then, the robust voltage-based 

controller was developed through the backstepping steps to 

facilitate the backstepping tracking problem for robotic 

systems. From the control point of view, the proposed 

method was effective since the heavily coupled nonlinear 

model of manipulator did not directly influence the design 

procedure and the suitable estimation of the manipulator 

dynamics was only utilized in the control scheme. Moreover, 

the performance of the proposed technique was satisfactory in 

terms of reducing the complexity of the control signal under 

uncertainties. Stability analysis guaranteed the boundedness 

of the closed-loop system using the Lyapunov function and 

acceptable tracking errors were satisfied by the simulation 

results. Finally, the comparison between the tracking 

performance of the ARTB and three recent relevant studies 

demonstrated the superiority of the proposed control 

technique. 
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Today, stock market plays a key role in the economy of any country and is considered as one of the growth indicators of 
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I. INTRODUCTION 

Basically, all managers need efficient predictions for the 

appropriate management of their resources. Therefore, 

forecasting plays a key role in their precise decision making. 

However, in practice, predictions are not usually accurate, so 

one of the most important objectives of the management 

systems is to decrease forecasting errors as much as possible. 

On the other hand, it is clear that, nowadays, stock market 

investment is a significant part of every country's economy. 

Therefore, the national economic indicators are heavily 

influenced by stock market performance [1]. The multiplicity 

of effective factors on stock market and the existence of many 

other unknown factors cause uncertainty in the field of 

financial time series forecasting; and consequently, it has 

inappropriate impacts on the investments which are based on 

these forecasts. Thus, it is necessary to use such appropriate 

scientific methods in order to make applicable and reliable 

predictions. In this particular application, due to the nature of 

prediction, the occurrence of an error in different forecasting 

models is unavoidable. So, naturally, a model with a lower 

prediction error rate is preferred over others. Hence, the 

necessity of a relevant forecasting model that maximizes the 

efficiency of investment via optimizing resource allocation is 

extremely sensible. 

The prediction of stock return and price is possible by 

discovering behavioral patterns of the stock price generating 

process. The ability to detect such behavioral patterns 

determines the efficiency of the prediction method. This 

process may be a linear, nonlinear, or stochastic model [2]. The 

stock market forecasting methods can be classified into three 

general categories: traditional or classic methods, modern 
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methods, and combined methods. 

In different forecasting fields, several approaches with 

various success degrees have been applied; however, it should 

be noted that each of these approaches has such disadvantages 

as the inability to model nonlinear relationships, getting stuck 

in local optimums, over-fitting, and the difficulty of choosing 

numerous regulation parameters, each directly affecting 

prediction accuracy. In addition, sometimes the prediction 

accuracy of these approaches is different for data with various 

behaviors. In other words, in case of using a particular 

approach, the robustness is likely to be lost while the data type 

changes. Therefore, determining which one is the best choice 

for any given situation is not straightforward and depends on 

many factors. Indeed, when only one particular approach is 

used to solve a problem, other structures of this method and 

even other methods, each with its own advantages and 

disadvantages, are ignored and actually removed from the 

solution set. 

To solve this problem and, simply put, to take advantage of 

the different approaches simultaneously, combination 

mechanisms are proposed, in which a combination of the 

solution of different approaches for a specific problem is 

considered. Using these methods will lead to many 

achievements, such as reducing the uncertainty in parameter 

setting, decreasing the randomness of the training process, and 

so on. Therefore, a suitable combination mechanism to achieve 

the stated goals would be very useful. 

One approach to improve the structure of forecast 

combination mechanisms is to change components that are 

combined together in order to make the final prediction. In this 

regard, by substituting the point forecasting models instead of 

the density forecasting models, in addition to predicting price 

as the only advantage of the point forecasting, further useful 

information can be achieved, too. 

The focus of this study is on two basic forecast combination 

method, namely Simple Average (SA) and Bates & Granger 

(B&G). Although these methods were proposed a long time 

ago, they are still being widely used. In particular, it may be 

interesting to know that some researchers are still attempting 

to improve their forecast combination methods such that the 

robustness of their mechanisms can be comparable with SA. 

According to the key role of risk management in investment, 

helping investors to minimize the risk of their investments is 

one of this study's goals. So, by using those forecast 

combination methods and then applying them to combine 

some density forecast models, the advantages of using these 

approaches in Tehran Stock Exchange (TSE) will be 

investigated, in this study. 

The remainder of this paper is outlined as follows. In section 

II, an overview of related work is provided. The structure of 

the desired combination system is described in section III. Also, 

two famous linear combination methods are explained in this 

section. Then, the method of producing the system inputs is 

presented. Simulation results are provided in the next section 

and finally the paper is concluded in section V. 

II. LITERATURE REVIEW 

Since financial time series is dynamic, nonlinear, complex, 

nonparametric and disordered in nature, it is a generally 

challenging task to predict the stock market [3]. Many people 

have made the prediction with different approaches. Before the 

advent of computers and their being used for forecasting in the 

financial domain, classic methods, such as technical and 

fundamental analysis, had been employed to solve these 

problems. Since the mid-1970s, great efforts have been made 

to investigate the predictability of stock prices using new 

mathematical methods based on time series and more 

advanced tools [4]- [6]. Among the classic methods that have 

been widely used to predict the stock market, one can refer to 

Autoregressive (AR), Autoregressive Moving Average 

(ARMA) and Autoregressive Integrated Moving Average 

(ARIMA) models [7]. Also, a number of these methods that 

are the practical approach for time series prediction have been 

introduced in [8] by Boxes and Jenkins. These models and, in 

particular, the ARIMA model are widely used in many 

different fields, but they can only perform linear prediction in 

time series. This feature makes such models inappropriate for 

predicting time series with nonlinear components [9]. 

Through the efforts of mathematical and dynamic systems 

scientists to address the deficiencies of linear models, new 

methods, called modern methods, have been proposed to 

predict prices in the stock market [10]. They are able to be 

applied in various sciences, especially economics. Therefore, 

nonlinear system practitioners have tried to explain stock price 

behavior and predict it through advanced nonlinear methods in 

financial markets, too. Due to the uncertainty of stock market 

and based on the articles reviewed in the survey article [11], 

soft computing techniques, belonging to the modern methods, 

are suitable for considering nonlinear relationships in the stock 

and, in most cases, outperform classic methods as they have 

better results for financial systems and have higher prediction 

accuracy without prior knowledge about the statistical 

distribution of input data. Machine learning’s popularity is still 

increasing in financial forecasting. The ability of data mining 

and the flexibility of these algorithms have made them a very 

proper option for working on complex financial data [12]. 

There are different machine learning algorithms, each with 

respect to its own strengths, designed to solve a specific 

problem. Some of them work like the decision tree, where the 

user can fully understand the steps of the machine inference, 

and some act like neural networks similar to a black box. 

Artificial Neural Network (ANN) is one of the computational 

tools that is known as the most practical and widely used 

method for modeling large and complex problems [3], [13]. 

After an initial study of White in [14], the artificial neural 

network was first applied in the financial field and was 
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subsequently considered as a suitable model for predicting the 

stock market. A review of the application of ANN in stock 

market forecasting is presented in [11], [15]. The results of the 

studies show that ANN is robust in model specification 

compared to parametric models, and, for this reason, it has 

been used frequently to predict stock prices and other financial 

derivatives [16]. The long history of using ANN in the 

financial field has led to more advanced versions of it, like the 

Radial Basis Function (RBF) network, being released in order 

to improve its performance. Reference [17] is one of the first 

articles that uses Support Vector Machines (SVMs) for 

financial forecasting. Then, the performance of SVMs is 

compared with the performance of other algorithms, such as 

backpropagation and RBF. Support Vector Regression (SVR) 

is another nonlinear forecasting algorithm used to predict 

financial time series. The efficiency of SVR as a predictive 

method is shown in [18]- [20]. Artificial neural networks and 

their variants have been widely used in the literature, but with 

the appearance of kernel-based methods such as SVR and 

considering their advantages, they fell out of fashion over time. 

Then, in 2006, Hinton et al. rekindled interest in neural 

networks by demonstrating an excellent performance of deep 

neural networks in [21]. Since then, researchers have 

conducted numbers of studies on using deep learning for 

financial time series. 

With numerous choices in forecasting tools, to address the 

shortcomings of various approaches, perhaps one obvious way 

is to combine two or more models and present one prediction. 

In this way, the strengths of a method can be used to overcome 

the weaknesses of the others. In this regard, the combination 

of linear and nonlinear models has been suggested by several 

studies [22]- [24]. McDonald et al. in [9] showed that among 

several combined models, the combination of ARIMA models 

and Self-Organizing Fuzzy Neural Networks (SOFNN) 

performs better than others. Raoofi et al. in [25] compared 

several combined methods for forecasting Tehran Stock 

Exchange Index based on ARIMA, Fuzzy ARIMA (FARIMA), 

ANN and Adaptive Neuro-Fuzzy Inference System (ANFIS) 

models. By using some forecast accuracy measures such as 

Root Mean Square Error (RMSE) and Mean Absolute Error 

(MAE), they concluded that the combined models of ANFIS 

and FARIMA have outperformed other models. Also, 

Fallahpour et al. in [26] showed that the prediction of the 

combined SVM model based on Genetic Algorithm (GA) for 

stock price movement trend is far better and more accurate 

than simple SVM. The application of different types of neural 

network and their combined models for the financial 

forecasting is one of the areas of interest to researchers. [27]- 

[29] can be mentioned as proper examples. 

Some researchers believe that it is better to forecast the time 

series with high uncertainty, like financial market time series, 

by using forecast combination methods instead of using only 

one forecast model. Timmermann made a thorough review of 

the forecast combination mechanisms in [30]. He expressed 

the reasons for using forecast combination methods in order to 

produce better forecast and also discussed the conditions under 

which these mechanisms are admissible and useful. Due to the 

key role of forecast combination in different fields of 

forecasting, particularly in financial market and economic, 

after Timmermann's paper in 2006, many researchers are 

keeping their study on it till now. Most of these literatures 

([31]- [36]) are about the structures of the combination and the 

weight assignment mechanisms. The large number of 

researcher concord on this point that even the simplest 

structure of the forecast combination can be helpful when 

necessary conditions are available. According to [37], [38], 

even if a simple forecast combination method does not be able 

to improve the forecast accuracy, it can decrease model 

selection risk. more recently, Atiya in [39] provides a brief 

analysis of the reasons for the success of forecast combination. 

Ultimately, reviewing the literature shows that the forecast 

combinations generally perform well [40]. 

As mentioned in economic forecasting and some other 

similar fields, the inability of point forecasting to describe the 

uncertainty of the variables leads to the use of density 

forecasting which has been used recently in forecasting the 

variables with high degree of uncertainty, like financial 

forecasting, [41]- [43]. That is, in order to forecast variables 

with a high degree of uncertainty, a density forecast is a 

comprehensive form of the point forecast. So, one idea is to 

use the density forecast combination to take advantage of both 

combination and density forecast abilities that is addressed in 

this paper. 

According to all superiority of forecast combination and 

also density forecast combination in forecasting field, it will be 

very helpful to investigate the advantages of their application 

in Tehran Stock Exchange, which unfortunately is not done so 

far. Therefore, more researches still need to be done in this 

field for helping investors to have accurate decision making in 

this market. 

III. METHODOLOGY 

To take advantage of several available prediction models, 

one can derive the results of each model and combined them 

by the appropriate approach to achieve a single prediction, 

rather than using them to present an improved hybrid model. 

Actually, faced with various forecasts of the same variable, an 

issue that immediately arises is whether one should identify the 

best prediction or combine the underlying forecasts. Different 

conditions must be considered to answer this question, but in 

general and from a theoretical point of view, if a specific 

prediction model can be found having smaller prediction error 

than its competitors, then it justifies relying on a single 

prediction; otherwise, diversification gains of combination 

makes this approach more attractive than choosing the best 

model. Even if the best model can be recognized at any 
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moment, the combination may still be an absorbing 

diversification strategy, though its success will depend on the 

structure of the combination and method of determining its 

weights. In fact, the diversification of a simple portfolio was 

the initial idea and the reason for using the forecast 

combinations [44]. 

Also, if each predictor model has useful and effective input 

variables, using all of which leads to a comprehensive model, 

the comprehensive model must be used in order to improve the 

outcome. Yet, when these variables are not available, the only 

option is the combination. 

The next reason for using forecast combinations that have 

been mentioned by many researchers, including Stock and 

Watson in [45], [46], is that individual forecasting models may 

be subject to misspecification bias of unknown form. It is clear 

that even the best model at the specific time may not be 

preferred over other models at all times. Also, the best model 

may be time-variant, so it can be hard to track based on past 

forecasting performance. Forecast combinations can be 

viewed as a way to making the forecast more robust against 

such misspecification biases and measurement errors in the 

data sets underlying the individual forecasts [47]. 

Another argument for combining predictions is that basic 

prediction models may be based on different loss functions. 

Given the structure of the desired loss functions, forecast 

combinations can be helpful in improving the outcome, in 

these conditions, too. 

Therefore, to benefit from the capabilities of combining 

forecasts, this approach can be applied to the stock market 

domain or any other domain with a similar data structure. If a 

combination mechanism, as shown in Fig.1, is considered as a 

system, the individual forecasts and the final predictions for 

the desired variable are input and output of this system, 

respectively. It combines predictions in such a way that, in the 

worst case, the use of combination theory is justified. In order 

to improve the performance of each system, one can change 

various parts of the system such as input, output and main 

structure of the system. 

 
Fig. 1. Forecast Combination System. 

Due to the important role of the combination in the field of 

prediction and the achievements of its application, several 

good review articles such as [30], [48], [49] have been 

published so far, but among them, Timmerman's survey article 

in 2005 [30] is the most recent and also the most 

comprehensive, according to numerous subsequent articles, 

including [50]. After developing the initial idea of the 

combination, different researchers have worked on its weights 

with various approaches to improving this idea; in this article, 

however, the combination is done by two primary and, of 

course, basic methods. 

A. Simple Average 

For the reasons stated, the researchers decided to use a 

combination of several predictions instead of the results of a 

single prediction model, in which the new problem was how to 

combine these results, appropriately. In this regard, SA based 

on Equal Weights (EW) is considered as the simplest and most 

primitive way that comes to mind. It is defined as: 

𝑓𝑡+ℎ|𝑡
𝐸𝑊 =

1

𝑚
∑ 𝑓𝑖,𝑡+ℎ|𝑡

𝑚

𝑖=1

 

where 

ℎ  forecast horizon; 

𝑦𝑡+ℎ  target variable of forecast; 

𝑓𝑖,𝑡+ℎ|𝑡  output of i-th forecast model; 

𝑚  number of forecast models; 

𝑓𝑡+ℎ|𝑡
𝐸𝑊   

output of SA forecast combination 

method. 

This simple method of combination, as people in different 

fields asserted, has been able to improve the prediction results 

[30] and even performs better than other approaches presented 

later. 

B. Linear Combination with Optimal Weights 

After developing the SA method, in order to improve its 

results, the researchers decided to obtain the optimal value of 

the combination weights to minimize the prediction error 

instead of the equal weights. This idea was first proposed in 

1969 by Bates and Granger in [44] as Optimal Weights (OW). 

The weights are determined by the Least Square (LS) 

estimation method using previous prediction error data. They 

call the weights optimal so that the variance of the in-sample 

error is minimized. The result of their work is: 

𝑓𝑡+ℎ|𝑡
𝐵𝐺 = 𝑊̂𝑂𝐿𝑆

′ 𝐹𝑡+ℎ|𝑡 = ((𝜄′𝛴̂𝑒
−1𝜄)

−1
𝛴̂𝑒

−1𝜄)
′

𝐹𝑡+ℎ|𝑡  , 

𝛴̂𝑒 = (𝑡 − ℎ)−1 ∑ 𝒆𝜏+ℎ|𝜏𝒆𝜏+ℎ|𝜏
′

𝑡−ℎ

𝜏=1
               

where 

𝜄  column vector of ones; 

𝒆𝜏+ℎ|𝜏  prediction error vector; 

𝛴̂𝑒  estimation of covariance matrix; 

𝑊̂𝑂𝐿𝑆  weight vector; 

𝑓𝑡+ℎ|𝑡
𝐵𝐺   

output of B&G forecast 

combination method. 

It should be noted that in the optimization process, the 

weights are considered to be positive and the sum of them 

equal to one. In this study, this method is known as B&G. 

It is notable that if all the predictions in the combination have 

the same error variance and the correlation between them is 

equal, the optimal weights will have the same value, too. In 
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other words, under these conditions, the optimal weights are 

EW [30]. 

In this combination approach, the role of estimation error in 

the efficiency of the method is very prominent, so researchers 

have made many efforts to reduce this error and its 

consequences. 

C. Density Forecast Combinations 

So far, the focus was on the combination of point forecasts, 

which is influenced by the fact that a large proportion of 

academic studies are focused on these types of forecasts. 

Nevertheless, the tendency of researchers to study density 

forecasts is also growing, and published articles in the field of 

economics employ combination methods for these categories 

of forecasts. In addition, similar approaches have also been 

used for forecasting in other fields, such as meteorology. 

One reason for the tendency of researchers to density 

forecasts is that a density forecast is an estimate of the 

probability distribution of the probable values of a random 

variable at some future time. Therefore, in contrast to a point 

forecast, which by itself has no description of the prediction 

uncertainty, a density forecast provides a full description of the 

associated uncertainty. 

Today in many contexts of finance and economics, it is 

helpful and even in some cases necessary to provide density 

forecasts and evaluate them. Therefore, the next cause of 

people's shift from point forecasting to density forecasting is 

its valuable application in important financial fields, such as 

risk management. Many peoples have investigated density 

forecasts and their applications in macroeconomics and 

finance. Among them [43], [51]– [53] can be noted. Besides, 

[54] has addressed how to evaluate density forecasts. In this 

article, the combination of density forecasts is computed as 

follow: 

𝑝(𝑦𝑡+ℎ|𝐷) = ∑ 𝑤𝑖𝑝(𝑦𝑡+ℎ|𝑀𝑖 ,𝐷)

𝑚

𝑖=1

 

where 

𝐷  data and observations; 

𝑀𝑖   i-th forecast model; 

𝑤𝑖   
i-th weight determined by density 

forecast combination methods. 

D. Input Generation Process 

As mentioned above, inputs of the system shown in Fig. 1, 

have been generated using the predictions of several models. 

What the forecast models are and how they are selected can be 

a separate research topic, but this article focuses on a number 

of points for these choices. For example, both linear and 

nonlinear methods exist in the models and, from each category, 

select methods that are widely used for forecasting in the 

financial field. Therefore, in the first step, different structures 

of selected models including ARMA, ANN and RBF are used 

to predict the target random variable. 

In the density forecasting literature, the density function is 

often assumed to be a normal or Gaussian distribution, whereas 

in practice, many financial time series exhibit asymmetric 

features or patterns [43]. In this study, the density forecasts are 

estimated by a non-parametric method, named kernel 

smoothing algorithm. As a result, no specific distribution is 

considered for densities. 

IV. RESULTS AND DISCUSSION 

To demonstrate the advantages of density forecasting 

methods and their combinations in Tehran Stock Exchange, 

they are used to forecast the price of MAPNA company as one 

of the 50 active companies in this market. Then, daily price of 

this stock, from 1 January 2012 to 31 August 2019 (1447 data), 

is considered. Fig.2 shows the real values of MAPNA stock 

price over this period. For each type of prediction models, they 

are first trained with specific n-observation (75% of total data) 

input-output patterns. Then, the models are employed to 

forecast the remaining observations (25% of total data) and the 

performances are evaluated in terms of Mean Squared Error 

(MSE). All data are normalized by Min_Max method as 

follows: 

𝐷𝑁𝑜𝑟𝑚𝑎𝑙 =
𝐷𝑅𝑒𝑎𝑙 − 𝑚𝑖𝑛

 
(𝐷𝑅𝑒𝑎𝑙)

𝑚𝑎𝑥
 

(𝐷𝑅𝑒𝑎𝑙) − 𝑚𝑖𝑛
 

(𝐷𝑅𝑒𝑎𝑙)
 

 

where 

𝐷𝑅𝑒𝑎𝑙   real value of data; 

𝐷𝑁𝑜𝑟𝑚𝑎𝑙  normalized data. 

 
Fig. 2. Real Values of MAPNA Stock Price 

from Jan. 2012 to Aug. 2019. 

Due to the structures, considered for ARMA, ANN, and 

RBF models, finally 8 prediction models have been used and 

their characteristics are presented in Table I. The parameter 

settings and the model structure selections are done such that 

both high-performance and low-performance models are 

included in the combination. Given these assumptions, the key 
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role of combination in decreasing the sensitivity of model 

selection becomes evident, that is one of the purposes of this 

study. In this regard, no attempt was made to provide the best 

structures of the prediction models. 

Normalized data are given to all forecast models as input, 

and each of them predicts a value of price for h-day ahead 

(where 'h' is the prediction horizon and it is considered 3 in this 

study, arbitrarily). 

TABLE I 

STRUCTURE OF PREDICTION MODELS 

Model Structure 

A
R

M
A

 Model Order Estimation Method 

𝐴𝑅 = 2, 𝑀𝐴 = 0 RLS 

𝐴𝑅 = 2, 𝑀𝐴 = 1 ELS 

A
N

N
 

Learning 
Method 

No. of 
Hidden 
Layers 

No. of 
Neurons 

Epochs 
Learning 

Parameters 

Gradient 
Descent 

𝑙ℎ = 1 𝑛ℎ = 3 500 𝜂 = 0.001 

Gradient 
Descent 

𝑙ℎ = 1 𝑛ℎ = 5 500 𝜂 = 0.001 

Levenberg 
Marquardt 

𝑙ℎ = 1 𝑛ℎ = 3 60 𝛼 = 5 

Levenberg 
Marquardt 

𝑙ℎ = 1 𝑛ℎ = 5 60 𝛼 = 5 

R
B

F
 

Learning 
Method 

Radial 
Function 

No. of 
Neurons 

Epochs 
Learning 

Parameters 

Levenberg 
Marquardt 

𝑙ℎ = 1 𝑛ℎ = 30 100 𝛼 = 1 

Levenberg 
Marquardt 

𝑙ℎ = 1 𝑛ℎ = 50 100 𝛼 = 1 

To performance comparison, MSE values of all models have 

been computed. For brevity, Table II shows this value for only 

three selected models. 

TABLE II 

PERFORMANCE COMPARISON OF SELECTED PREDICTION MODELS 

Forecast Model 
MSE 

In-Sample Out-of-Sample 

ARMA 58663 202246 

ANN_LM_3 101784 209364 

RBF_LM_50 567971 381534 

For more clarity of figures and to make them understandable, 

Figs. 3 and 4 show the true and forecasted value of MAPNA 

stock price, obtained by only selected models for part of in-

sample (from sample 800 to 1000) and out-of-sample (from 

sample 100 to 290) data, respectively. It has been attempted to 

select a range of samples in which high volatility of price has 

occurred to illustrate the difference between the performance 

of selected methods in the face of this event. According to 

these diagrams, it is obvious that different models, selected to 

be in the combination system, have various performance and 

accuracy over time. But it should be noted that, as it can be 

seen by the comparison of the efficiency of the RBF_LM_50 

model for in-sample and its performance for out-of-sample 

data, the performance of these forecast models may be changed 

in any other period or for any other data. 

 
Fig. 3. Real vs. Predicted Values of MAPNA Stock Price for the 

Part of In-Sample Data (Related to Three Selected Forecast 

Models). 
 

 
Fig. 4. Real vs. Predicted Values of MAPNA Stock Price for the 

Part of Out-of-Sample Data (Related to Three Selected Forecast 

Models). 
 

 
Fig. 5. Real vs. Predicted Density of MAPNA Stock Price 

(Related to Three Selected Forecast Models). 

So far, all models are used to generate some point forecasts 
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while the inputs of the combination system must be in the form 

of density forecasts. Then in the next step, the probability 

density of each prediction model output is computed by using 

a kernel smoothing algorithm. The comparison between Figs. 

4 and 5 shows that if one model has a good or poor relative 

performance in point forecasting, it has a similar performance 

in density forecasting, too; however, the density forecasting 

has additional useful information that makes it more valuable. 

For instance, in contrast to the point forecasts, the density 

prediction has a description of the stock price uncertainty. In 

addition, based on the information included in probability 

density, an investor can be able to have better risk management. 

 
Fig. 6. Density Forecast Combinations for MAPNA Stock Price 

Using SA and B&G methods. 

 
Fig. 7. Probability Density of Error for Two Forecast 

Combination Mechanisms. 

Finally, for two different combination methods, SA and 

B&G, forecast combination system output is shown in Fig. 6. 

It demonstrates that both of them have been able to cover the 

poor performance of some models by relying on the results of 

the superior models and, ultimately, they have predicted the 

probability density of the MAPNA stock price with reasonable 

accuracy. 

For a better illustration of the accuracy of density forecasts, 

probability densities of their errors are shown in Fig. 7. The 

similarity of these error densities to white noise and this fact 

that they are relatively symmetric around zero shows that these 

methods have been able to use the effective information, 

approximately. 

As mentioned above, the efficiency of the same model may 

be changed for different data or in various periods. Now, 

assume that the RBF_LM_50 model was an efficient 

prediction model to forecast the MAPNA stock price in all the 

times before the period considered in this study. Consequently, 

according to the good past performance of the RBF_LM_50 

model, it is selected as the best model to forecast this specific 

data. However, according to Fig. 3 can be found that, if so the 

investor will suffer heavy losses. But his losses were decreased 

seriously if he considered the RBF_LM_50 model as one of 

the selected models in forecast combination (see Fig. 6). 

Besides the mentioned advantage, the investor can estimate 

Value at Risk (VaR) and Conditional VaR (CVaR) values of 

this stock by using density forecast combination. In other 

words, by using the density forecast, the investor can forecast 

the risk value of MAPNA or any other stock. Fig. 5 shows that 

if the investor has only the density forecast obtained by the 

RBF_LM_50 model, he cannot estimate the CVaR value of 

MAPNA stock with a reasonable error; and hereby the 

important advantage of using the density forecast combination 

is determined. It should be noted that one of the reasons for 

selecting MAPNA, among the 50 active companies in Tehran 

Stock Exchange, is that the density of this stock price is such 

that the selected methods can forecast it with significantly 

different performances. This property, in particular at the left 

tail of the probability density is very useful to demonstrate the 

advantage of density forecast combinations in computing VaR 

and CVaR. 

V. CONCLUSIONS 
 

This study was undertaken to investigate the advantages of 

using a density forecast combination vs. individual point 

forecast in Tehran Stock Exchange. The simulation results 

show that the sensitivity of forecast model selection is 

decreased by applying combination mechanisms such that, 

although some individual models have poor efficiency, the 

precision of forecast combination models are adequate. In 

addition, because of its diversity property of these mechanisms, 

the robustness of these prediction methods against the model 

misspecification biases of the individual forecasts increases. 

On the other hand, the simulation results confirm that density 

forecasting implicitly includes point forecasting and also 

provides more helpful information. For example, investors can 

apply this probability density function (PDF) to recognize 

maximum and minimum of any stock price in a specific period 

of time (from past to future), which helps them to make 

appropriate decisions. Moreover, they can use these densities 

to compute risk based on some risk assessments, like VaR and 
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CVaR. These findings could be exploited in any situation 

where the prediction of time series with structures similar to 

stock price is needed. Future work will involve the application 

of these densities to improve portfolio management in order to 

have maximum return and minimum risk. Another one will be 

proposing a proper nonlinear combination mechanism that is 

able to upgrade the result subject to the nature of these density 

functions. 
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Fossil fuel combustion in power plants is the world’s most significant threat to people’s health and the environment. 

Recently, wind power, as a clean, sustainable and renewable source of energy, has attracted many researchers. The present 

paper studies how to maximize the extraction of wind power and the efficiency of a switched reluctance generator (SRG) by 

firing angles control. The proposed scenario comprises the optimization of turn-on and turn-off angles in the offline mode 

using a particle swarm optimization algorithm to control the system in the online mode with linear interpolation. The present 

approach simultaneously investigates the firing angles; also, it has simple structure, low execution time, and efficient 

convergence rate that are independent of machine characteristics (regardless of high nonlinearity of SRG). Furthermore, 

copper losses, as well as switching and conduction losses of semiconductors, were considered in simulations to achieve a 

more realistic outcome. Ultimately, the simulation results of a typical three-phase 6/4 generator using Matlab confirmed the 

validity of the presented control strategy that can easily find applications in the future.  
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I. INTRODUCTION 

Depletion of fossil fuels, current fuel economy, and 

environmental issues have made researchers search for clean 

sources of energy. Wind power is an important source of 

renewable energy that is capable of application in various 

regions, so it has appealed to scientists in recent years. 

Numerous pieces of wind power generation equipment have 

been designed and operated worldwide and their different 

aspects have been investigated so far. 

In recent years, switched reluctance generators (SRG) have 

been introduced as new equipment for wind power generation. 

Its simple structure, low cost and maintenance, robustness, 

high efficiency, and wide range of velocity encourage 

researchers to contribute to SRG development [1]. 

Interestingly, considering a broad spectrum of SRG 

performance, it is possible to directly connect wind turbines to 

generators and eliminate the gearboxes. Simple structure and 

low cost make SRG not only to be economically feasible but 

also financially competitive with other machines available in 

the market. After three decades of progress, it is commercially 

applied in vacuum cleaners, washing machines [2], water 

pumps, automatic doors, hybrid electric vehicle [3], [4], 

automotive application [5], electrified powertrain [6], starter-

generator [7], turbocharger application [8], gas turbine [9], 

textile machines, and many others [10], [11]. Linear switched 

reluctance motors (SRM) are also employed in the food 

industry, machine tools, and medical equipment [12]. They can 

also be utilized in sea wave electricity generation. Moreover, 

there are some fields, including aerospace or automobile 

industries, that can exploit the generator operation of linear 

SRM. Furthermore, as its application in low-speed ranges is 

currently under investigation, its commercial use in the wind 
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industry seems to be in initial steps [13]. 

SRG application in wind generation has previously been 

addressed with the trial and error procedure to find optimum 

control parameters in most studies. Chang and Liaw [14] 

introduced a control strategy to fix a desirable DC-link voltage 

with optimum performance, high efficiency, minimum DC-

link voltage ripples, and low acoustic noise. Sozer and Torrey 

[15] presented an approach for determining firing angles in 

order to achieve maximum efficiency in the single pulse mode 

through considering the turn-on and turn-off angles as control 

parameters. They found that the optimal efficiency and output 

power could be described as a function of the turn-off and turn-

on angle, respectively. Optimization of excitation angles 

through minimizing root-mean-square (RMS) value of the 

phase current or through maximizing the average ratio of the 

output power per input power is focused on in [16]. In order to 

find the excitation angles based on the desirable DC-link 

current with a minimum current ripple, an online algorithm is 

suggested in [17]. The turn-on and conduction angles are 

determined under various speeds via finite element method in 

[18]. As the results are sensitive to the variations in system 

parameters as well as operating conditions, Wang and Chang 

[19] apply fuzzy control to determine firing angles that can 

reduce the effect of parameter changes. At higher speeds and 

single pulse mode, the turn-off angle is optimized using the 

fitted curve, which is a function of power and speed, followed 

by the determination of the turn-on angle to adjust the 

produced power [20]. 

In [21], controlling the optimal turn-on and turn-off angles 

for maximum output power is studied and the relation between 

exciting current and conducting time is investigated. Ziapour 

et al. [22] described the commutation angles and the output 

power relevance following with controlling output voltage at 

high speeds via choosing optimum commutation angles. A 

12/8 three-phase switched reluctance generator and a digital 

controller are established for wind power generation in [23] in 

which switching signals are generated by a controller based on 

the rotor position, the phase current, and the DC-link voltage. 

In [24], optimal firing angles are determined for torque ripple 

reduction and acoustic noise minimization. In [25], a 

dsPIC30F microcontroller is utilized to investigate different 

strategies to control angles positions and current chopping for 

a three-phase 12/8 switched reluctance generator. The power 

generation procedure in the generator is studied as well. The 

performance of a single-phase 12/12 SRG with U-cores is 

analyzed in [26] by two methods: single pulse control method 

(SPCM) and SPCM adopting the freewheeling technique. The 

output power, efficiency, torque ripple, and DC current ripple 

of SRG are compared in these two control modes. Ivanov and 

Kalanchin [27] study the maximum power point tracking 

(MPPT) through the hill climb search (HCS) method by 

controlling the turn-on and turn-off angles of SRG while the 

rotational speed of the rotor and the current value is used as the 

controller inputs. In [28], the output performance of a 

generator is evaluated by dynamic simulation where finite-

element is used to analyze the magnetic field. A 1.5 kW three-

phase 12/8 SRG is then designed for low speed micro-wind 

turbine optimally. SRG voltage control and voltage 

stabilization methods are discussed and compared in [29]. 

Considering core saturation, magnetic and windings losses, the 

mathematical model is improved and the adequacy of the 

model is established. 

A passivity-based control of SRG for small-size wind 

energy systems is proposed in [30]. The main goals are 

maximum power point tracking and controlling the output 

voltage. An adaption scheme is included in the proposed 

adaptive controller to deal with the back-emf of SRG and time-

varying inductance. The closed-loop stability is guaranteed by 

Lyapunov theorem. In [31], the DC voltage control of a stand-

alone SRG is addressed using a robust controller based on 

discrete-time sliding mode control. A disturbance estimator is 

used to achieve robustness. The proposed controller is 

compared to a PI controller. The control of SRG based on 

firing angles and reference current is investigated by Sh. 

Jagwani et al. [32]. A single-phase grid-interactive inverter is 

utilized operating in both current control and voltage control 

modes. Robust power flow control for various case studies is 

also presented. In [33], a hierarchical Markov model is 

presented to evaluate the reliability of a double-sided linear 

switched reluctance generator. The equilibrium point of 

reliability evaluation accuracy and model complexity can be 

found using this model. Zhang et al. [34] report the design and 

optimization of an SR machine in terms of mathematical 

modeling of electromagnetic and thermal fields, efficiency, 

torque ripple, acoustic noise, and the application of SRM in 

wind generators. In [35], a direct instantaneous torque 

controller is utilized for SRG at low speeds in which the turn-

on and turn-off angles are fixed in the negative slope of the 

inductance profile. A Cuk converter is applied to control the 

generated voltage. In [36], a fly-wheeling pulse train (FW-PT) 

control approach is suggested to decreasing voltage ripple 

besides achieving faster response as well as better dynamic 

behavior. Further techniques are also compared to the FW-PT 

approach. In order to reduce steady-state error and increase the 

generated power of asymmetric bilateral linear SRG, a dual-

loop compensation voltage control scenario is proposed in [37]. 

Chen et al. [38] present a set of control strategies for small-

scale wind power SRG connected to energy storage system in 

an off-grid mode. A step control scheme, merging MPPT with 

power balance control, is suggested to improve the SRG 

efficiency. In order to generate AC output, a two-stage inverter 

is established using a boost circuit in the front stage following 

with a PI controller in the second stage. A simple current-rise 

model is proposed to guesstimate the steady state peak-current 

in an SRG for the diversity of conditions. The turn-off current 

level and turn-off position are used to estimate the current rise 

https://ieeexplore.ieee.org/author/37598521100
https://ieeexplore.ieee.org/author/37280425600
https://ieeexplore.ieee.org/author/37373747000
https://ieeexplore.ieee.org/author/37356206600
https://ieeexplore.ieee.org/author/37356206600
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in a given generation interval. For better accuracy, the interval 

is subdivided into multiple sections to a certain extent. As the 

number of sections is increased, the accuracy of the proposed 

model is improved except near to unaligned position [39]. In 

order to control the SRG power, a proportional plus resonant 

(P+RES) controller is presented [40]. The proposed scheme 

consents to control the power delivered to DC link using turn-

off angle. Additionally, the controller provides power ripple 

reduction in comparison with the PI controller. Moreover, the 

proposed control methodology is implemented on a digital 

signal processor (TMS320F2835). 

Direct search algorithms have been vastly used in scientific 

and industrial optimizations that can be simply coded [41]. 

Such methods like downhill simplex [42] or Hooke and Jeeves 

approach [43] appear to be suitable when the cost function is 

nonlinear, non-differentiable, and non-smooth. Population-

based methods including the controlled random search 

algorithm [44], the genetic algorithm (GA) [45], and also the 

evolutionary algorithms [46], [47] are some other 

methodologies to tackle multimodal problems. These 

techniques outperform the gradient-based algorithms due to 

their capability in searching for an optimum point of 

multimodal functions as well as efficient performance in non-

continuous feasible regions. In an attempt to attain an optimum 

firing angles range to control the maximum torque in various 

circumstances through GA, Fisch et al. [48] select the turn-on 

angles according to the optimization of generator efficiency. 

Moreover, in [49] the fuzzy logic is applied to control the DC-

link voltage. The conduction angle is calculated based on the 

error signal of the output voltage via a fuzzy controller, and the 

turn-off angle is then computed from the linear relationship of 

velocity. The optimum design of a 1 kW SRG is addressed for 

wind applications using GA [50]. This optimization approach 

uses the design variables based on the main model and exploits 

LHS1 for variable sampling. In [51], the optimization of a 

linear switched reluctance generator is explored based on 

energy efficiency. A genetic algorithm is used as the 

optimization method while the generator's magnetic field 

proceeded by the finite element method. In [52], two of the 

most important problems in wind conversion systems are 

addressed. A new MPPT scheme to improve the HCS 

technique as well as the modified torque ripple minimization 

method for a four-phase 8/6 SRG based on the artificial neural 

network is proposed. An experimental methodology is 

presented to control the SRG voltage using a fuzzy logic 

system [53]. The turn-on angle is fixed while the turn-off angle 

is varied. The suggested method is executed using a high 

processing capacity DSP/FPGA. 

To avoid complex analytical calculations of cost functions, 

numerical optimizations provide an efficient route to find 

optimum local points. Accordingly, in the present work, a 

                                                           
1 Latin hypercube sampling (LHS) 

particle swarm optimization (PSO) algorithm is employed due 

to the extreme nonlinearity of the generator, the prevention of 

the nonlinear analytical equations, simplicity, and the lower 

execution time of the simulation. The main advantages of this 

technique include well-organized memory usage, cooperation 

and information sharing between particles, high conversion 

speed, and simple establishment and execution. In contrast to 

the aforementioned works, simultaneous investigations of 

firing angles are presented in this paper. It should be noted that 

some of the similar works have investigated the effect of both 

firing angles separately. For instance, the first objective 

function is optimized using one firing angle, and the other 

objective function is then optimized using another one. 

However, each angle affects both objective functions. 

Therefore, it is more efficient to investigate them 

simultaneously. In this regard, a 60 kW three-phase 6/4 SRG 

was considered that supplied local load by an inverter in an 

off-grid mode, which was poorly addressed. Moreover, the 

excess generated power was stored in a battery bank. In order 

to eliminate the harmonics, the inverter was equipped with an 

LC filter. Contrary to the related works, where a linear model 

of SRG is used, this paper applies an actual nonlinear model of 

real SRG considering the effect of losses in simulations to 

approach reality. This model is based on the magnetization 

curves of an actual SRG where the saturation effect is included. 

On the other hand, an online control scheme is finally 

presented in this study whereas all the similar works have 

proposed offline methods. In this approach, the best offline 

obtained control variables are collected in a lookup table. Then, 

using this table, the online controller employs linear 

interpolation to achieve the maximum power generation. All 

parts of the system and their relations are presented in detail in 

Fig. 1. 

 
Fig. 1. The relationship between different parts of the system. 

 

Section II focuses on a wind turbine, mathematical relations, 

and control strategies. The remaining of the paper is organized 

as follows. Section III describes the SRG structure, principles 

of its performance, nonlinear model, and power losses in this 

machine. Section IV explains the proposed methodology. 

Simulation results are shown in Section V. Finally, Section VI 

concludes the paper. 
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II. WIND TURBINE 

Wind turbines convert the kinetic energy of wind to 

electrical power. The maximum power generation depends on 

not only mechanical constrains but also wind speed [54]. The 

capacity of a turbine for power generation is often presented 

by companies as a curve in which power is plotted versus wind 

speed, called an ideal power curve [1]. An example of such 

curves is shown in Fig. 2. 

 

 
Fig. 2. The power curve of a variable-speed wind turbine [55]. 

Mechanical power generation (Pareo) follows a nonlinear 

relationship with air density, wind speed, and power 

coefficient (Cp) as: 

(1) 2 31
. . . . .

2
aero pP R v C 

 
where R is the radius of the area covered by the blades, v is the 

wind speed and ρ is the air density. The power coefficient 

obeys a non-linear function of the blade pitch angle (β) and the 

tip speed ratio (λ), which is the ratio between the tip speed of 

the blades and the wind speed [56]. It can be formulated as: 

(2) 
( , ) , t

p

R
C

v


   

 
where ωt is the rotational speed of the turbine axis. This 

coefficient is an especial factor for each turbine and plays an 

important role in control purposes. It also gives information 

upon the aerodynamic efficiency of the turbine [57]. 

(3) 
5

2
1 3 4 6( , ) .( . ). .i

c

p

i

c
C c c c e c

   




     

The coefficients c1 to c6 are: c1 = 0.5176, c2 = 116, c3 = 0.4, 

c4 = 5, c5= 21, c6 = 0.0068, and: 

(4) 
3

1 1 0.035

0.08 1i   
 

  
 

The variation of Cp with β and λ is illustrated in Fig. 3. 

 
Fig. 3. Power coefficient of a variable speed wind turbine. 

As can be seen in Fig. 2, the wind turbine power curve is 

divided into three regions. The first one is associated with the 

time when wind speed is less than a cut-in speed and the 

turbine is in standby mode. The generated power of the turbine 

in this region can often be ignored in comparison with its 

dissipations. Hence, there is not any power exchange and the 

turbine fails to operate. In the second region, wind speed falls 

between cut-in and rated speed and the main goal is to obtain 

the highest power via an MPPT algorithm. According to Equ. 

(1), Cp needs to be maximized to attain MPPT in various wind 

speeds which is possible if β is set to be minimized, as evident 

in Fig. 3. Therefore, β=0, and Cp shrinks to a function of λ, 

which is a function of the rotor speed. The received wind 

power would then be regulated by varying the rotor speed. Fig. 

4 shows the turbine power versus the rotation speed of its axis 

in a range of wind speed. The maximum power can be obtained 

by the turbine speed of 1 pu and the wind speed of 14 m/s [13], 

[58]. At other wind speeds, the optimum rotation speed of the 

turbine axis that can be attained from the turbine power curve 

must be less than the nominal speed to generate the maximum 

wind power. 

  
Fig. 4. Power curve of a variable-speed wind turbine. 

The third region covers wind speeds of higher than the rated 

speed. Due to electrical constraints, to diminish mechanical 

stresses and also to avoid turbine damages in this region, the 

output power ought to be constant in the rated value. 

Accordingly, one can keep the power constant at the rated 

value by increasing the blade pitch angle that decreases the 

power coefficient. Actually, the turbine must be tuned to lose 

some of the wind energy. Hence, the control objective involves 

adjusting the rotor speed in nominal value and fixing the power 

in nominal value by controlling the blade pitch angle [55], [59]. 

This paper investigates the SRG performance in the second 

region. 

III. SWITCHED RELUCTANCE GENERATOR 

Switched reluctance generators (SRG), which have attracted 

the interests of researchers in recent years, are synchronous 

generators with a salient pole in rotor and stator and can be 

excited by stator like an induced machine. SRG benefits from 

its solid structure, simple performance, low cost, high 

assurance capability, and wide speed range (which is capable 

of eliminating the gearbox at low speed). Showing efficient 

performance in a broad spectrum of speed, SRG seems to be 

competitive with an induced machine regarding the required 

investment. Moreover, its converter is less expensive and 
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enjoys more reliability and efficiency in terms of torque 

response, torque per unit volume, and torque per unit weight 

[10]. 
 

A. Switched Reluctance Generator Structure 

Rotor and stator pole of SRG are made of solid steel plates. 

The machine coils wound around the stator poles and there is 

no magnetic material embedded in the machine structure. The 

rotor also lacks any magnetic material, coil, and brush and 

consequently it is called a cold rotor [60]. 

Considering the number of poles in rotor and stator, 

different machine arrangements emerge such as three-phase 

6/4 or 12/8 and four-phase 8/6 or 16/12 in which the right and 

left numbers show the rotor poles and the stator poles, 

respectively. Examples of four-phase 8/6 and three-phase 12/8 

are represented in Fig. 5 [61]. 

  (a) (b) 

  

  
Fig. 5. Switched reluctance generator structure (a) four-phase 

8/6, (b) three-phase 12/8 [61]. 
 

B. Principles of SRG Performance 

In order to explain the SRG performance, it is vital to 

elucidate how a phase inductance changes. In a situation where 

the stator pole and the rotor pole are aligned, the air gap turns 

out to be minimum and the magnetic reluctance will then be 

minimum, resulting in the maximum inductance. Conversely, 

when the poles are non-aligned, the air gap and the magnetic 

reluctance will be maximum while the inductance drops to its 

minimum level. Clearly, the more the rotor pole approaches 

the stator pole, the more the inductance will be and vice versa. 

The inductance profile variations versus rotor position for one 

phase are illustrated in Fig. 6. 

   
Fig. 6. Inductance variations versus rotor position [62]. 

The SR motor performance matches its generator 

performance in some aspects; however, they vary in some 

other aspects. As shown in Fig. 7, in the motor performance, 

phase excitation occurs in the positive slope of the inductance 

profile whereas in the generator mode, it takes place in the 

negative slope of the inductance profile. In an SR motor, with 

phase excitation, the rotor tends to position in a way that 

minimum magnetic resistance happens [62], [63]. 

In the generator operation mode, the rotor is rotated by a 

prime mover and the phase excites in the negative slope of the 

inductance profile. At this stage, the energy is supplied to the 

phase winding by a converter from a DC source, and the 

current of this winding gradually starts to increase (due to high 

inductance) and the energy is saved in the magnetic field. The 

opposing torque in the prime mover increases the saved energy. 

  

Inductance 

Generator 

Motor 

Stator 

Rotor  
Fig. 7. Phase excitation period in motor and generator 

operation modes [64]. 

After reaching the turn-off angle in the negative slope of the 

inductance profile, the electromotive force (EMF) reverses and 

the phase current increases with a decrease in the inductance. 

At the end of the production period (reaching the minimum 

inductance), the saved energy in the field is transferred to the 

DC source or the load through a converter [65]. The phase 

excitation procedure of the generator is depicted in Fig. 8. At 

high speeds, due to shortness of the rotor position period (sum 

of excitation and production cycle when the rotor pole is 

moving away from the stator pole), the flux and current may 

fail to sufficiently grow. After terminating the excitation 

period, not only is there no production, but the received energy 

from the machine is also less than the delivered energy due to 

dissipation as shown in Fig. 8(b). In order to avoid such 

situations at high speeds, the phase is often excited sooner (in 

the positive inductance profile) to ensure sufficient current 

generation in the short period of the rotor position, considering 

the time constant of the system, as shown in Fig. 8(a) [64], [65]. 
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Fig. 8. The phase excitation procedure of the generator with (a) 

production (b) no production [65]. 

The SRG generated power is of DC type and an inverter is 

needed for AC load. Schematic of the asymmetric half bridge 

converter (AHBC) circuit and excitation/production mode are 

represented in Figs. 9 and 10, respectively. The AHBC appears 

to be of the most commonly used converter applied to operate 

SRG. As shown in Fig. 10, each phase of the converter consists 
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of two IGBTs and two diodes. As the DC-link voltage has to 

be remained constant with low ripple, the filter capacitor must 

be large enough. 

The phase inductance in an SRG is shown with La, Lb, Lc and 

the coil resistance for each phase is represented with r. As 

observed in Fig. 9, two transistors in each phase turn on and 

off simultaneously. Moreover, in each moment only one phase 

is on and according to Fig. 10(a) only one phase is connected 

to the DC source and the coil of that special phase is excited. 

  
Fig. 9. The schematic of an asymmetric half bridge converter 

circuit [22]. 

 
(a) (b)   

Fig. 10. The converter circuit in (a) excitation mode and (b) 

generation mode [22]. 

Equs. (5)-(8) show the relationship of the corresponding 

phase dynamics. 

(5) 
DC ph phV e r i    

where eph and iph are the voltage and current of the 

corresponding phase, respectively. 

(6) ph

ph ph

d
e N

dt


 

 
where φph is the phase flux and Nph is the number of phase 

windings. Since φph = Lph . iph then: 

(7)  ph ph ph ph

ph ph ph ph ph

d L i di dL
e N N L i

dt dt d




  
       

   
Substituting (7) in (5), we have: 

(8) ph ph

DC ph ph ph ph ph

dL di
V N i N L r i

d dt



       

 
where dθ/dt=ω is the angular velocity of the rotor. Equ. (5) 

explains the main relationship for the voltage of an excited 

generator phase and the first term from the right-hand side of 

Equ. (8) is called the back EMF which is proportional to the 

generated electrical power. The equivalent circuit of a 

generator phase is depicted in Fig. 10(b) while its switches are 

off. In this situation, the phase inductance current gradually 

reaches zero and the load resistance is provided via diodes. 

Equs. (9)-(11) show the relationship of the SRG phase 

dynamics concerning Fig. 10(b) [66]. 

(9) 
ph ph L phe r i R i   

 
Substituting eph from Equ. (6), it can be rewritten as: 

(10) ph

ph ph L ph

d
N r i R i

dt


   

 
and substituting φph from Equ. (7) in Equ. (10): 

(11) ph ph

ph ph ph ph ph L ph

dL di
N i N L r i R i

d dt



       

 
 

C. Nonlinear Model of Torque and Flux Production 

Unsaturated (linear) switched reluctance machines suffer 

from an insufficient energy conversion ratio and their drive 

characteristics are not fully exploited. But, real switched 

reluctance machines are nonlinear with satisfactory efficiency. 

Understanding electromagnetic energy conversion needs a 

nonlinear analysis in which the saturation effect is included. 

One of those analyses is based on magnetization curves in 

which induced flux is considered proportional to the current in 

specific rotor positions. The magnetization curves of a 6/4 SR 

machine are shown in Fig. 11. The relationship of flux, 

inductance, and current can be expressed via Equ. (12) where 

λ, L, i, and θ denote linkage flux, phase inductance, phase 

current, and rotor position, respectively. Therefore, machine 

behavior can be expressed using linkage flux [67]. 

(12)    , ,i L i i   
 

The torque characteristic curves of a 6/4 SR machine 

calculated from the magnetization curves are also depicted in 

Fig. 12. 
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Fig. 11. The 6/4 SRG magnetization curves [68]. 
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Fig. 12. The 6/4 SRG torque characteristic curves [68]. 

The SRG generated power is hardly introduced by an 

analytical relation due to its switching and nonlinear behavior 

of produced current [69]. Regardless of losses, the average 

output power of an SRG can be represented as follows, using 

some simplifications [62]: 
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(13) 
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where Nr and Ns are the number of rotor and stator poles, 

respectively, and θe stands for the extinction angle that 

represents the position where the current falls to zero after θoff 

and it equals to: 
(14) 2e off on   

 
Ignoring the saturation of SRG, the instantaneous 

electromagnetic torque per phase is defined as: 

(15) 21
( , )

2

dL
T i i

d





 
Torque ripple damages the generator and shortens its life. It 

can be expressed as: 

(16) max min
ripple

ave

T T
T

T


  

where Tmax and Tmin are the instantaneous maximum and 

minimum value of torque, respectively, and Tave is the average 

torque. The level of torque ripple suppression can be achieved 

via torque smoothness factor defined as: 

(17) 1
SF

ripple

T
T

  

The battery is charged via SRG DC link current. Since 

excessive current ripple decreases the battery life, it 

necessarily must be reduced. Accordingly, the current 

smoothness factor is defined as: 

(18) 

max min

ave
SF

I
I

I I



 

where Imax, Imin and Iave are the maximum instantaneous DC link 

current, the minimum instantaneous DC link current, and the 

average DC link current, respectively. The efficiency of SRG 

is given by: 

(19) 100out

in

P

P
  

 
where Pout is the generated electrical power and Pin is the 

mechanical input power provided by the wind turbine [62], 

[69]. 
 

D. Power Losses in SRG 

The SRG efficiency is diminished because of losses, which 

are categorized into machine and power converter losses. 

Machine losses are divided into copper and iron losses, 

depending on the RMS stator current and the peak of the 

magnetic flux, respectively. Given the fact that all phases carry 

identical current, the average copper losses can be easily 

expressed as: 

(20) 2

Cu rmsP nrI
 

where n and Irms are the number of phases and RMS value of 

phase current, respectively. The iron loss is approximately 

formulated based on Steinmetz equation as follows: 

(21) 
2

a bB

Fe h e

dB
P c f B c

dt

  
   

   
where f is the stroke frequency, ch and ce are the hysteresis and 

eddy-current loss coefficients, respectively, a and b are the 

coefficients that could be extracted from the loss curves, and B 

is the flux density. 

Power converter losses are mostly composed of switching 

loss and conduction loss. The switching loss, which is affected 

by switching frequency, is usually higher than the conduction 

loss. The control strategy and the number of machine phases 

play an important role in determining switching frequency [2]. 

Modeling of switching loss based on the lookup table is of the 

most efficient routes describing the turn-on and turn-off energy 

losses as a function of device parameters such as voltage and 

current among others. The power of switching loss can 

consequently be estimated via multiplying the energy loss by 

the switching frequency [70]. The conduction losses of a 

power converter are calculated as follows: 

(22) 
0 0

2 T T

con ce c D DP v i dt v i dt
T

  
   

 
where vce shows the collector-emitter voltage of the transistors, 

vd represents the forward voltage of the diodes, ic and iD are the 

transistor and diode currents respectively [71]. 

IV. METHODOLOGY 

The present paper introduces a robust strategy in which the 

firing angles of a SRG are controlled to maximize the 

efficiency as well as the wind power generation. In this 

approach, the controller of the converter circuit is initially 

trained via the particle swarm optimization algorithm in the 

offline mode and it is then applied for maximum power 

generation in the online mode using the obtained results and 

linear interpolation. The first step includes the PSO algorithm 

with accelerated coefficient to search the optimum control 

variable (firing angles). Unlike most previous studies in which 

the effect of only one of those angles has been considered, the 

simultaneous exploration for optimum firing angles is 

represented. Moreover, the turn-on and turn-off angles are 

examined simultaneously and the SRG performance is 

assessed based on the evaluation parameters. The flowchart of 

the PSO algorithm and the block diagram of the SRG control 

are shown in Figs. 13 and 14, respectively. 

  
Fig. 13. The particle swarm optimization algorithm [72]. 



International Journal of Industrial Electronics, Control and Optimization .© 2021 IECO… 40 

 

As shown in Fig. 14, to reach a desirable current level, the 

current error signal is passed through a hysteresis regulator 

located in the controller. 
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Fig. 14. The block diagram of an SRG control. 

The presented strategy mainly aims to maximize power 

generation from wind, maximize generator efficiency, and 

minimize current ripple and torque ripple. Simultaneous speed 

and voltage feedbacks are used to generate maximum power. 

Accordingly, the generator is posed to a special voltage source 

and constant speed –via a wind turbine with extremely high 

inertia– and the firing angles (or the particles) that are 

generated accidentally under special constraints are transferred 

to the simulation part. For each couple of the turn-on and turn-

off angles, the evaluation parameters including net output 

power (the difference between the power of load and the 

excitation power), the RMS current of each phase, torque 

ripple, and DC link current ripple are measured, and the best 

control variables (particles) of each group and the best general 

control variables (best particle) of the whole complex are 

selected. Having estimated the new variables (new position of 

the particles), the PSO algorithm transfers them to the 

simulation section and this procedure continues until the 

algorithm terminates. The objective function (F) for the 

optimization problem is considered: 

(23)  

 

min

1 2 3 4

max max max

. ( , )

: 75,110

95,135

rmsNet SF SF
on off

rms SF SF

on

off

on off

IP T I
Max F

P I T I

subject to

     





 

   







 

where Pnet=Pload-Pexcitation, Pload is the power of load, Pexcitation is 

the power of excitation source, and ω1, ω2, ω3, and ω4 are 

weight coefficients considered to efficiently raise the 

importance of each term, which are selected as to be 0.5, 0.3, 

0.1, and 0.1, respectively. The parameters of the PSO 

algorithm are the number of particles, the maximum number 

of iterations, and the inertia that are set to 20, 20 and 0.6, 

respectively. The best control variables obtained at the end of 

the first step are collected in a lookup table for each speed and 

nominal voltage. Then, using this table, the online controller 

employs linear interpolation to generate maximum power and 

efficiency for the variable-speed wind turbine. 

V. SIMULATION RESULTS AND DISCUSSION 

This paper proposes an efficient approach to generating 

maximum wind power as well as the maximum efficiency of 

SRG. Simulation in MATLAB is presented in this section to 

assess the validity of the present methodology. The simulation 

has performed on a three-phase 6/4 generator with realistic 

conditions based on the information given in Table I. 

TABLE I 

THREE-PHASE 6/4 SR GENERATOR PARAMETERS [67] 

Parameter Value 

Nominal power  60 kW 

Nominal speed 5500 rpm 

Max. coil current 450 A 

Reference current 200 A 

Stator coil resistance 0.05 Ω 

Coefficient of inertia 0.05 kg.m2 

Coefficient of friction 0.02 N.m.s 

The simulation and optimization procedure for the SRG 

control system is schematically illustrated in Fig. 15. It is 

composed of two parts: a Stateflow control chart and an SRG 

simulator. 

  
Fig. 15. The simulation of the system in MATLAB. 

In the SRG simulator subsystem, the generator model is 

simulated according to the fundamental mathematical relations 

of an actual generator and also magnetic flux curves and torque. 

According to Fig. 16, the output of the generator is connected 

to a battery and a local load through a D/A inverter and a filter. 

 
Fig. 16. The simulation of a battery and the load connected to the 

generator output in MATLAB. 

Before controlling the generator, the effect of firing angles, 

as factors underpinning the output power, was investigated. 

Therefore, the generator model was executed for all of the 

possible arrangements of firing angles when the speed was 

5000 rpm, the excitation voltage was 240 V, and the current 

was 200 A. The results are depicted in Fig. 17. As is evident, 

there is a pair of firing angles at which the corresponding 

generator power maximizes. 

Prior to executing the SRG subsystem, the firing angles 

were randomly generated in Stateflow subject to system 

constraints, in the control chart subsystem. Meanwhile, the 

evaluation parameters were fed back to the Stateflow. The 

optimum particle was then selected based on the objective 
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function defined in Equ. (23). After assessing the results, 

considering the parameters (particles) and also the coefficient 

of inertia, new firing angles (new position of particles) were 

selected and transferred to the SRG subsystem again for 

evaluation. This procedure continued until the end of the PSO 

algorithm and the methodology was extended such that the run 

time decreased in accordance with the rotor speed increase. 

   
Fig. 17. The generator power versus the firing angles. 

Consequently, the firing angles controller was initially 

learned in the offline mode. The optimum control variables for 

each speed and nominal voltage were then stored in a lookup 

table located in the controller part of the converter to be used 

to obtain the maximum power in the online mode. The offline 

calculation results of the proposed methodology for a voltage 

of 240 V and various speeds are summarized in Table II.  

TABLE II 

THE OFFLINE CALCULATION RESULTS OF THE METHODOLOGY 

ω (rpm) θon (deg) θoff (deg) 

1000 87.4 107.2 

2000 85.8 115.4 

3000 83.2 125.8 

4000 80.2 126.9 

5000 77.9 122.5 

5500 74.98 115 

The convergence curves of the optimum firing angles, as 

well as the generator net power for several executions of the 

PSO algorithm in the offline mode, are illustrated in Figs. 18 

and 19 where voltage and speed were 240 V and 5500 rpm, 

respectively. As can be seen, the minimum and maximum 

growth rates of the algorithm are 5 and 28 percent, respectively. 

  
Fig. 18. The convergence curve of the proposed method for the 

SRG firing angles in the offline mode. 

  
Fig. 19. The convergence curve of the proposed method for the 

generator net power. 

The net power of the generator, as well as the efficiency for 

an exciting voltage of 240 V and various speeds, are obtained 

and presented in Table III. 

TABLE III 

THE GENERATOR NET POWER AND EFFICIENCY 

ω (rpm) Net power (kW) Efficiency (%) 

1000 1.5 21.5 

2000 14.9 50.6 

3000 21 68 

4000 29.8 73.5 

5000 32.9 82.4 

5500 39.75 84.2 

The average copper losses and power converter losses are 

calculated according to Table IV. 

TABLE IV 

THE AVERAGE COPPER LOSSES AND POWER CONVERTER LOSSES 

OF THE GENERATOR 

ω (rpm) Pcu (kW) Pconverter (kW) 

1000 0.54 0.16 

2000 1.12 0.26 

3000 2.05 0.47 

4000 2.78 0.52 

5000 3.23 0.69 

5500 3.93 0.72 

To reveal the productivity of the proposed methodology, the 

generator efficiency results of the PSO technique are compared 

to GA, as shown in Fig. 20. The initial population is set to be 

the same for both methods, and the results are plotted for 100 

iterations. Consequently, the PSO enjoys a better convergence 

rate and better outcomes than the GA. 

   
Fig. 20. The convergence curves of the proposed method vs the 

GA for the SRG efficiency. 

In order to assess the proposed methodology, a hypothetical 

worst case of wind profile like Fig. 21 with a variable speed 
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was applied to a turbine while the performance of the system 

was investigated in a rough situation. It is obvious that if the 

controller overcomes these instant changes, it will definitely 

show a good response to actual wind profiles. 

 
Fig. 21. A hypothetical variable-speed wind profile. 

Since the nominal wind speed is 14 m/s, the turbine 

performance falls in the second region. Therefore, the 

maximum turbine power occurs in the nominal wind speed and 

the pitch angle of zero. 

To achieve MPPT, the reference value of the rotor speed is 

selected equivalent to its optimum value based on the turbine 

power curve (Fig. 4) and instantaneous wind speed. Fig. 22 

shows the optimum rotor speed (reference value) and also its 

actual speed after applying the methodology. 
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Fig. 22. The rotor speed corresponding to the wind profile. 

Obviously, the presented approach efficiently pursues the 

optimum speed and the actual speed approximates to its 

reference value. Variations in the firing angles leading to the 

maximum power and the generator efficiency are illustrated in 

Figs. 23 and 24, corresponding to the wind profile and the rotor 

speed. 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

75

80

85

90

Time (sec)


o
n
 (

d
e
g
)

 

 


on

 (Actual)


on

 (Reference)

1.998 1.999 2 2.001 2.002 2.003 2.004

82

83

84

Time (sec)


o
n
 (

d
e
g
)

 

          

 

Fig. 23. The turn-on angle control corresponding to the rotor 

speed. 
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Fig. 24. The turn-off angle control corresponding to the rotor 

speed. 

As observed, both firing angles were simultaneously 

varying with the changes in wind speed that accurately follow 

the reference firing angles in the offline mode (Table II). Since 

the first column of Table II fails to cover the entire range of 

generator axis speeds, linear interpolation is used if necessary. 

As evident in Fig. 22, for a rotor speed of 4121.5 rpm, the turn-

on and turn-off angles were interpolated as 79.878 and 126.44, 

respectively, which are consistent with the simulation results 

in Figs. 23 and 24. 

Fig. 25 shows inductance, phase current, linkage flux, and 

generator torque in optimum firing angles. The voltage and 

current of the three-phase load are also depicted in Fig. 26. 

 
Fig. 25. The inductances, phases currents, linkage fluxes, and 

generator torque in optimum firing angles. 

 
Fig. 26. The voltage and current of 3-phase local load. 

VI. CONCLUSION 

The present paper used a switched reluctance generator to 

generate maximum electrical power from wind to supply the 

local load demand, followed by a battery bank to store the 

excess generated power. As the firing angles appeared to be of 

importance in generator control, they were firstly optimized 

via a PSO algorithm in the offline mode according to the 

maximum wind power generation, maximum generator 

efficiency, and minimum ripple of torque and current. The 

optimum firing angles were stored in a lookup table for some 

speeds and nominal voltage to be employed for various speeds 
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and voltages in the online mode. The PSO algorithm was 

launched in the Stateflow toolbox. Accordingly, the 

methodology was developed such that the execution time 

decreased as the rotor speed increased. Consequently, the 

execution time was different for various speeds. Moreover, the 

required signals were sampled precisely. In contrast to the 

previous works in which the effect of each firing angle was 

studied separately, our contribution scrutinizes the 

simultaneous optimization of both firing angles resulting in a 

substantial reduction in computation and simulation time as 

well. Consequently, the algorithm provided a precise outcome. 

Some other major features of the present work include simple 

structure, reasonable convergence rate that is independent of 

machine characteristics, and utilizable methodology for any 

other SRG machine. Additionally, an actual nonlinear model 

of SRG considering copper losses, switching and conduction 

losses of semiconductors were included in the simulations to 

approach real conditions, which has poorly been addressed 

before. Ultimately, unlike similar works that have considered 

the offline mode, this study presented an online control scheme. 

Matlab was used to apply the proposed method to a typical 60 

kW three-phase 6/4 generator and the results confirmed the 

validation of the proposed method. 
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This paper presents a novel and simple approach to detecting and classifying a wide range of power quality (PQ) events 

based on the discrete wavelet transform (DWT) and correlation coefficient. For this purpose, two new indices are proposed 

and the type of PQ event is detected by comparing the values of the correlation coefficient between the value of these indices 

for the pre-stored PQ events and for a recorded indistinct signal. This algorithm enjoys the advantages of DWT and 

correlation coefficient and it does not suffer the disadvantages of neural networks or neural network-fuzzy based algorithms 

such as training and high dimension input matrices or the disadvantages of Fourier transform-based approaches such as 

unsuitability for non-stationary signals as it does not track signal dynamics properly due to the limitation of fixed window 

width. The effectiveness of the method tested by numerous PQ disturbance and simulation results confirms the competency 

and the ability of the proposed method in detection and automatic diagnosis of PQ disturbances. Compared with the other 

methods, the simulation under different noise conditions verifies the effectiveness of the noise immunity and the relatively 

better accuracy of the proposed method. 
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I. INTRODUCTION 

Power quality (PQ) has become an important topic of 

research in recent years. PQ is a quality of service issue for 

customers and electric power service providers, and it covers 

a variety of transient electromagnetic phenomena in electric 

power distribution systems [1]. Today, the proliferation of 

power electronic devices and nonlinear loads in electric 

power networks has triggered a growing concern for power 

quality issues from both utilities and power users. A power 

quality problem usually involves a variation in the electric 

service voltage or current, e.g. sag, swell, DC offset, flicker, 

interrupt, notching, harmonic, and transient. These 

disturbances can downgrade service quality and also cause 

different problems. Also, the recognition of the PQ event 

waveform is often bothersome because it includes a wide 

range of event categories or classes from dc offsets with low 

frequency to transients with high frequency. 

Currently, some powerful tools are available to monitor 

and classify electrical PQ disturbances. Based on these tools, 

several methods have been suggested for PQ disturbance 

detection and classification in the last few years. A brief 

review of these methods is as follows. 

So far, various methods have been proposed based on 

discrete wavelet packet and discrete wavelet transform for 

power quality disturbance identification [2-8]. 

Fuzzy logic has been used for PQ disturbance detection in 

several methods. In [9], both the Fourier transform and fuzzy 

approaches are suggested for PQ disturbance classification. 

Other fuzzy logic and discrete wavelet transform-based 
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methods have also been presented [10,11]. Another 

methodology [12] uses a wavelet packet-based hidden 

Markov model for the detection and classification of PQ 

disturbances. It is noteworthy that this method employs the 

hidden Markov model to determine the existence of 

disturbance.   

The neural network detection approach has been 

introduced in some methods [13-15]. In [13], the authors 

describe how a neural network, trained to recognize patterns 

of transmission line faults, has been incorporated in a 

PC-based system that analyzes data files from substation 

digital fault recorders. In [14], a real-time power quality 

monitoring scheme was implemented using an artificial 

neural network and Labview. In this method, the artificial 

neural network was used to detect and classify the voltage sag 

and swell in real time. 

Hybrid schemes using an artificial neural network and 

DWT were presented in [16-23]. At first, the discrete wavelet 

transform provides the features of the events, and then, the 

artificial neural network classifies them. In [16], the features 

extracted from wavelet transform coefficients are inputted 

into a radial basis function (RBF) network for power quality 

disturbance pattern classification. Applications of the wavelet 

transform, fuzzy logic, expert systems, neural networks, and 

genetic algorithms in power quality detection and 

classification, in particular, are reviewed in [17]. The PQ 

event detection scheme in [19] was carried out in the wavelet 

domain using a set of multiple neural networks. With the 

configuration used in this reference, the classifier is capable 

of providing a degree of belief for the identified PQ 

disturbance waveform. In the method presented by Kanirajan 

et al., the features extracted by the wavelet are trained by an 

RBF neural network for the classification of PQ events [21]. 

Sridhar et al. presented a method for PQ disturbance 

classification. The PQ disturbances are first identified using 

discrete wavelet transform and they are, then, classified using 

ANN [22]. The overall performance evaluation of the method 

is more than 97%. In [23], DWT with a multi-resolution 

analysis was used for the feature extraction of the PQ events. 

The probabilistic neural network classifier was used as an 

effective classifier for the detection and classification of PQ 

disturbances. 

Moreover, in [24-28], combined neuro-fuzzy 

methodologies were utilized to identify and classify PQ 

disturbances. In these approaches, the discrete wavelet 

transform decomposition was used to form feature vectors.  

In [24], the input PQ waveforms were preprocessed by the 

wavelet transform for feature extraction, and the neural 

network outputs were not taken as the final classification but 

were used to activate the fuzzy-associative-memory recalling 

for identifying the most possible type that the input waveform 

may belong to. A two-stage PQ violation classification 

approach that uses the potentials of the wavelet transform and 

the adaptive neuro-fuzzy networks was presented in [25]. 

In [26], the selected features were extracted from 

amplitude, phase, and frequency and were instantly used as 

input to an adaptive neuro-fuzzy system for PQ disturbance 

classification. To extract PQ disturbance features, the energy 

distribution of the wavelet part at each decomposition level 

was introduced by Zhu et al. [27]. Based on these features (as 

an input), a neuro-fuzzy algorithm was used for the 

classification of PQ disturbances. Reaz et al. [28] employed a 

different type of univariate randomly optimized neural 

network combined with discrete wavelet transform and fuzzy 

logic in their method to have a better power quality 

disturbance classification accuracy. 

Also, an approach based on a combination of genetic 

algorithm (GA) and artificial neural network was presented in 

[29]. A wavelet network-based PQ disturbance detection and 

classification method was introduced in [30]. The support 

vector machine (SVM) has also been applied for the detection 

of PQ events [31-32]. An approach presented in [31] used the 

histogram of oriented gradients for PQ event detection and 

SVM for PQ disturbance classification. Thirumala et al. 

presented a PQ disturbance detection method based on 

wavelet transform and dual multiclass support vector 

machines [32]. Ucar et al. proposed a PQ event detection and 

classification method using the DWT‐based extreme machine 

learning (ELM) technique [33]. Fuzzy systems oriented by 

the particle swarm optimization algorithm are used for PQ 

event detection [34]. Recently, a novel detection and 

classification method for PQ using the least mean square 

(LMS) and neural network was proposed [35]. In [36], a PQ 

event detection algorithm using a balanced neural tree is 

introduced. In this method, the Hilbert-Huang transform is 

utilized to study non-stationary PQ disturbances. Generally, 

this technique is an amalgamation of two techniques 

including empirical mode decomposition and Hilbert 

transform. Biswal et al. proposed a PQ event detection 

method using hyperbolic S-transform for feature extraction 

and genetic algorithm-based fuzzy C-means for automatic 

recognition of PQ events [37]. Ray et al. presented a PQ 

disturbance classification technique using a combination of 

S-transform and SVM for PQ disturbance detection [38]. A 

fuzzy product aggregation reasoning rule classifier was 

adopted for the classification of PQ events in [39] in which 

the DWT technique was used as the feature extraction 

technique. The S-transform was combined with an extreme 

machine learning technique for automatic nonstationary 

power quality disturbance recognition in [40]. In [41], an 

approach was proposed for optimal placement of PQ meters 

in a power system on a seeker optimization algorithm. 

The performance of a PQ event detection approach 

generally depends on the accuracy of the signal processing 

techniques. 

Several signal processing approaches have been used for 

PQ events detection, such as discrete Fourier transform, fast 

Fourier transform, short-time Fourier transform, discrete 

wavelet transform, and Gabor-Wigner transform. 

Discrete Fourier transform is mostly suitable for stationary 

PQ events. Since PQ events are generally nonstationary‐type 

signals, it is unsuitable to sense the immediate variations in 

PQ disturbances, for example, their initial and finale points 

by using the discrete Fourier transform. The signal 

information, such as amplitude frequencies and phases, 

https://www.sciencedirect.com/topics/engineering/support-vector-machine
https://ieeexplore.ieee.org/author/37085512119
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cannot be acquired correctly by using the fast Fourier 

transform because of the leakage, aliasing effects, and picket 

fence formed by fast Fourier transform. It is hard to analyze 

nonstationary signals by short-time Fourier transform. The 

main drawback of this signal processing technique is the 

limited time‐frequency resolution. Moreover, it cannot give 

the exact time and frequency info simultaneously to 

categorize the power quality events as stated by the 

IEEE‐1159 standard. In the Gabor-Wigner transform, the 

computational burden directly depends on the sampling 

frequency. Moreover, the Wigner distribution will cause 

critical cross‐interference, which promotes incorrect 

frequency components. 

In contrast to Fourier and Gabor-Wigner transform, the 

wavelet transform can offer time and frequency information 

of a signal simultaneously. In other words, wavelet transform 

provides local representation in both time and frequency. 

Therefore, it is suitable where good time-frequency resolution 

is required. 

The neural network-based PQ detection method has such 

disadvantages as its convergence speed, and the accuracy of 

the method depends on the network architecture as well as 

noise in the signal. Poor classification accuracy when training 

samples are minimum is the disadvantage of the support 

vector machine-based PQ detection method. In the fuzzy 

logic technique, the training set for every case is fixed, so it is 

not suitable for new disturbances. 

This paper introduces a new algorithm based on the 

discrete wavelet transform and correlation coefficient for the 

PQ disturbance waveform recognition and classification. This 

algorithm has the advantages of DWT and correlation 

coefficient, while it does not have the disadvantage of neural 

network or neural network-fuzzy-based algorithms such as 

training and high dimension input matrices. 

In the algorithm, the DWT is first used in an offline 

operation to de-noise and decompose the known power 

quality events signal, and for each event (8 types), the ratio of 

the sum of the absolute value of the detail coefficients of 

distorted the signal S(t) at decomposition levels 1 to 13 to the 

sum of the absolute value of detail coefficients of the pure 

sinusoid signal at the same decomposition levels is calculated 

and stored in the vector (totally 8 vectors are obtained for 8 

events). Similarly, for the second index, the difference 

between the standard deviation obtained from the detail 

coefficients of the distorted signal S(t) at decomposition 

levels 1 to 13 and the standard deviation obtained from the 

detail coefficients of the pure sinusoid signal at the same 

decomposition levels is computed and stored in the vector. In 

the proposed algorithm (online operation), the unknown PQ 

voltage signal containing noise is first sampled by a 20-kHz 

sampling rate. Then, the signal is denoised by sym4 to get a 

higher SNR signal. Next, using sym4, the signal is 

decomposed into 13 decomposition levels and the proposed 

criterion is computed. Assuming that the condition is true, the 

proposed indices will be obtained. Then, the correlation 

coefficient between the first computed vector of pre-stored 

PQ violations and a recorded unknown signal will be 

calculated. So, eight numbers are achieved and the maximum 

number is considered. The indistinct PQ event belongs to this 

group. If the number of maximum digits is two or more, the 

second index will be considered. This means that the 

correlation coefficient between the second computed vector 

of pre-stored PQ events and a recorded unknown PQ signal 

will be calculated. The maximum number will specify the PQ 

class. The results demonstrate that the proposed approach has 

excellent efficiency. 

The rest of the paper is organized as follows. Section II 

introduces the proposed algorithm and shows how the two 

indices can be calculated by using DWT. In Section III, 

simulation results are demonstrated, and the concluding 

points are presented in Section IV.   

II. PROPOSED METHOD  

The paper presents a new method for the detection and 

classification of PQ disturbances based on DWT and 

correlation coefficient. 

The correlation between two variables X and Y is defined 

as [42]: 

)()(

),(
),(

YVarXVar

YXCov
YXCorr 

 

(1) 

The strength of the dependence between the two variables 

increases as the correlation moves further away from 0 to 1 or 

-1 [42]. 

The different steps of the proposed method are described 

below: 

A. De-noising 

In practice, signals sampled by measuring devices have 

noise. The presence of noise reduces the identification 

capability of the DWT-based PQ disturbance monitoring 

system. A DWT-based de-noising approach is used in the 

proposed algorithm to prevent the detrimental impact of noise 

and to improve the efficiency of discrete wavelet 

transform-based monitoring systems. The reconstructed 

signal is noise-free and has the same energy content. 

The general de-noising procedure involves three steps as 

follows [43]. 

1. Decomposing 

2. Threshold selecting 

3. Reconstructing 

The performance of a discrete wavelet-based denoising 

technique depends on two points: how to choose the 

appropriate threshold value (


) and how to perform the 

thresholding.   

There are two kinds of thresholding rules: hard 

thresholding and soft thresholding. Hard thresholding can be 

described as the usual process of setting the elements whose 

absolute values are lower than the threshold to zero. Soft 

thresholding is an extension of hard thresholding in which the 

elements whose absolute values are lower than the threshold 

value are first set to zero, and then the nonzero coefficients 

are shrieked towards zero [43]. We use soft thresholding in 

the paper.  

But the main problem in statistical discrete wavelet 
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denoising is how to choose a proper threshold value (


). 

Selecting a threshold with very large value will shrink almost 

all coefficients at higher frequency bands to zero, possibly 

resulting in a pure power quality waveform even in the 

presence of a disturbance. Conversely, choosing a threshold 

with a very small value would result in inefficient denoising. 

So, the selection of a proper threshold value (


) is the key to 

the success of the denoising technique. We use a mixture of 

Stein’s unbiased risk estimate (SURE) approach and 

universal fixed thresholding method for the selection of a 

proper threshold value. As a result, if the signal-to-noise ratio 

is very small, the SURE estimate will be very noisy. So, in 

case this situation is identified, the fixed form threshold is 

utilized as follows: 

 

 

j

j

jd

d

d

j

N

i

j

N
N

id

log2
26745.0

1 



























 

          (2) 

where jdN
is the number of detailed coefficients at the 

desire resolution level j. 

After denoising, the reconstructed signal is noise-free and 

has the same energy content. 

B. Proper Mother Wavelet selecting   
The proper mother wavelet selection has an important role 

in identifying and localizing different kinds of signal 

disturbances. Selecting the mother wavelet also depends on 

the essence and type of the application. For the detection of a 

low domain, short duration, rapid decaying, and oscillating 

type of signals, the most popular wavelets are Daubechies 

and Symlets family (Db2, Db3, ... and Sym2, Sym3,.... ). But, 

the Symlets were proposed by Ingrid Daubechies as 

modifications to the db family [44]. Furthermore, when the 

scale is increased, the accuracy of the event time localization 

will be decreased. Also, the width and smoothness of the 

mother wavelet depend on its number. So, we should be 

cautious to select the appropriate discrete wavelet family and 

its number. In this paper, after many examinations, the sym4 

mother wavelet was selected.  

Each PQ event is related to one or more discrete wavelet 

transform coefficients. For example, Figures 1-5 show 

voltage sag, swell, transient (capacitor bank switching) event, 

notching, flicker, and their detail coefficients at resolution 

levels 1, 2, and 3 using sym4, respectively. 

 
Fig. 1. Voltage sag signal with its detail coefficients (d1, d2, d3). 

 

 
 

Fig. 2. Voltage swell signal with its detail coefficients (d1, d2, 

d3). 
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Fig. 3. Capacitor bank switching signal with its detail 

coefficients (d1, d2, d3). 

 

 
 

Fig. 4. Notching signal with its detail coefficients (d1, d2, d3). 

 

 
Fig. 5. DC offset signal with its detail coefficients (d1, d2, d3). 

 

C. Proposed Algorithm Methodology 

 
The paper presents a novel method for the detection and 

classification of PQ disturbances based on DWT and 

correlation coefficient. 

For this purpose, DWT is first utilized in an offline 

operation to decompose the known power quality events signal. 

It is noteworthy that eight types of PQ disturbances (sag, swell, 

DC offset, flicker, interrupt, notching, harmonic, transient) are 

considered in the proposed method. Then, for each event (8 

types), the ratio of the sum of the absolute value of detail 

coefficients of distorted signal S(t) at decomposition levels 

from 1 to 13, (
13,...,2,1)(_ jtabsSSum Dist

d j ) to sum of 

the absolute value of detail coefficients of the pure sinusoid 

signal at the same decomposition levels 

(
13,...,2,1)(_ jtabsSSum Sin

d j ) was calculated and stored 

in a vector (totally 8 vectors were obtained for 8 events). 

Similarly, for the second index, the difference between the 

standard deviation obtained from the detail coefficients of the 

distorted signal S(t) at decomposition levels 1 to 13 

(
13,...,2,1)(_ jtabsSStd Dist

d j ) and the standard deviation 

obtained from the detail coefficients of the pure sinusoid 

signal at the same decomposition levels was computed 

(
13,...,2,1)(_ jtabsSStd Sin

d j ) and stored in the vector (In 

this case, 8 vectors were computed for eight PQ disturbances). 

After proposing the vectors of the appropriate indices, we 

show how these proposed indices can be obtained.  
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Let’s assume that signal S(t) was decomposed into N levels 

by discrete wavelet transform as follows: 
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Also, we know that in a multi-resolution analysis, a set of 

involute subspaces Vj and Wj are denoted as: 
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where   defines a summation of two subspaces. 

Therefore, an input signal S(t) can be decomposed into their 

subset signals Sc1(t) and Sdj(t) in accordance with the subsets 

V1 and Wj, respectively as follows [45] 
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where 
., R
  

So, the sum of the absolute value of the detail coefficients of 

distorted signal S(t) at decomposition level j 

(
)(_ tabsSSum Dist

d j ) is obtained as follows: 
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                   (10) 

where  

j = the level of decomposition 

dj = the detailed coefficients at level j 

jdN
= the number of detailed coefficients at level j 

)(_ tabsSSum Dist

d j = the sum of the absolute value of detail 

coefficients of distorted signal S(t) at resolution level j  

Accordingly, the abovementioned first index (the ratio 

between the sum of the absolute value calculated from detail 

coefficients of the PQ disturbances and pure sin) is defined as: 
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         (11) 

The first index for some PQ events is shown in Figures 6-9. 

 
Fig. 6. The first proposed index for the voltage sag signal 

 

 
Fig. 7. The first proposed index for the voltage swell signal 

 

 
Fig. 8. The first proposed index for transient 

 

 
Fig. 9. The first proposed index for notching 

 

The standard deviation of the absolute values of the detailed 

coefficients at decomposition level j (
)(_ tabsSStd

jd ) is: 
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 (12) 

 

Accordingly, the abovementioned second index (the 

difference between the standard deviation obtained from the 

detail coefficients of the distorted PQ voltage signal and the 

pure sinusoidal) can be shown as follows: 

 

13,...2,1)(_)(_2  jtabsSStdtabsSStdIndex Sin

d

Dist

d jj

 
(13) 

The second index for some PQ events is shown in Figures 

10-13. 

 

Fig. 10. The second proposed index for the voltage sag 

 
Fig. 11. The second proposed index for harmonic 

 
Fig. 12. The second proposed index for the notching 

 
Fig. 13. The second proposed index for the voltage swell 

 

The online operation of the proposed detection method is 

defined below: 

First, an unknown PQ voltage signal having noise is 

sampled at a 20-kHz sampling rate. Then, the signal is 

denoised by sym4 wavelet to get a signal with a higher 

signal-to-noise ratio. Next, using sym4 wavelet, the signal is 

decomposed into 13 levels and the following criterion is 

computed: 
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                   (14) 

 
Eq. (14) is the THD generalization in wavelet domains. In 

Eq. (14), N is the highest decomposition level (N is equal 12 in 

the algorithm), jdN
is the number of detailed coefficients at 

level j, and aN is the approximated coefficients at level N. 

It should be noted that only if Cr is greater than 1%, the 

proposed indices will be calculated by using Eq. (10)-(13). 

Otherwise (i.e. Cr < 1%), the procedure will not start. In other 

words, Cr indicates whether the captured signal is the 

disturbance or not.    

Supposing that the condition (14) is correct, the proposed 

indices will be obtained. Then, by using the proposed 

algorithm, the kind of captured signal will be detected. The 

algorithm is as follows: 

The correlation coefficient between the first computed 

vector of a pre-stored PQ event and a recorded indistinct signal 

will be computed from Eq. (1). So, eight numbers are achieved 

and the maximum number is considered. The unknown PQ 

event belongs to this group. If the number of maximum digits 

is two or more, the second index will be considered. This 

means that the correlation coefficient between the second 

computed vector of a pre-stored PQ event and a recorded 

unknown PQ signal will be calculated and the maximum 

coefficient will be computed. The unknown PQ event belongs 

to this group. The second index will increase the reliability of 

the proposed PQ detection algorithm. 
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Fig. 14 demonstrates a simplified flowchart of the proposed 

PQ detection and classification algorithm. 

 
Fig. 14. The flowchart of the proposed algorithm 

 

III. RESULTS 

This section presents the simulation results of applying the 

correlation coefficient for recognizing and classifying PQ 

event types. The proposed algorithm was run in the MATLAB 

software. The signal randomly sampled out of 60 signals of 

each disturbance type is used to test the method accuracy. The 

combined discrete wavelet transform and correlation 

coefficient can detect and classify all 8 types for PQ 

disturbances as shown in Table I. 

 

TABLE I 

CORRELATION COEFFICIENTS VALUES FOR THE PROPOSED METHOD 

Type of PQ 

disturbances 

Representative vectors 
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DC offset 0.93 0.72 -0.42 -0.35 0.26 0.21 0.34 0.12 

Flicker 0.67 0.96 -0.64 -0.79 0.81 -0.17 0.31 -0.27 

Interrupt -0.39 -0.69 0.95 0.77 -0.63 0.14 0.17 0.11 

Sag -0.43 -0.81 0.83 0.97 -0.74 0.27 -0.16 0.23 

Swell 0.32 0.81 -0.79 -0.71 0.96 -0.32 0.12 -0.26 

Notching 0.21 -0.14 0.19 0.25 -0.29 0.93 0.11 0.33 

Harmonic 0.34 0.37 0.20 -0.13 0.09 0.07 0.89 0.43 

Transient 0.08 -0.21 0.13 0.18 -0.16 0.29 0.38 0.98 

 
TABLE II 

CORRELATION COEFFICIENTS FOR THE PROPOSED METHOD WITH 

SNR=35DB 

Type of PQ 

disturbances 

Representative vectors 
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DC offset 0.91 0.73 -0.47 -0.39 0.27 0.24 0.31 0.19 

Flicker 0.62 0.94 -0.62 -0.82 0.84 -0.23 0.39 -0.24 

Interrupt -0.39 -0.69 0.91 0.79 -0.60 0.17 0.21 0.14 

Sag -0.45 -0.85 0.83 0.93 -0.75 0.29 -0.19 0.27 

Swell 0.34 0.82 -0.77 -0.73 0.92 -0.35 0.15 -0.28 

Notching 0.28 -0.17 0.23 0.27 -0.31 0.88 0.14 0.34 

Harmonic 0.30 0.41 0.25 -0.18 0.13 0.11 0.84 0.47 

Transient 0.12 -0.26 0.17 0.22 -0.12 0.35 0.41 0.96 

As can be seen in the test results, the proposed method can 

identify and classify the PQ disturbances correctly. 

In order to demonstrate the robustness of the proposed 

method, the wavelet network was tested with different SNRs. 

The results with SNR=35 db are shown in Table II. 

The percentage of classification accuracy (CA) of the 

proposed method are presented in Table III where the CA is 

defined as 

Classification accuracy (%) = CA =
𝑁𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑒𝑑 𝑒𝑣𝑒𝑛𝑡𝑠

𝑁𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑖𝑠𝑡𝑢𝑟𝑏𝑎𝑛𝑐𝑒𝑠
  

(15) 

 

Table III 

 Classification accuracy rate of the proposed algorithm 

 PQ events Ndisturbances 
Ncorrectly 

identified 
CA (%) 

1 DC offset 60 60 100% 

2 Flicker 60 59 96.67% 

3 Interrupt 60 59 98.33% 

4 Sag 60 59 98.33% 

5 Swell 60 59 98.33% 

6 Notching 60 58 96.67% 

7 Harmonic 60 60 100% 

8 Transient 60 59 96.67% 

9 Total  480 473 98.54% 

 

Table IV shows the impact of SNR on the performance of 

the proposed algorithm and demonstrates the robustness of the 

approach with different levels of signal-to-noise ratios. This is 

due to the proper selection of the de-noising method (using the 
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SURE method and Eq. 2). Therefore, the results indicate that 

satisfactory performance is achieved under different 

disturbances and noise backgrounds. 

 

 

Table IV. 

The robustness of the proposed algorithm with different SNRs 

SNR (db) CA (%) 

35db 98.33 

30db 98.12 

20db 97.91 

10db 97.50 

 

The proposed method is compared with existing PQ 

disturbance detection techniques published in recent years. 

The results are shown in Table V where the PQ disturbance 

techniques are compared using several criteria, such as the 

type of data used (synthetic or real world), the number of PQ 

disturbance types studied, and performance in terms of 

accuracy (both noiseless and noisy environment). 

Unfortunately, some literature has not provided the 

information needed to extract all the criteria. 

The proposed algorithm has higher accuracy than all other 

methods except for ref. [33], [39], and [40]. However, the 

proposed algorithm is robust for different signal-to-noise 

ratios and capable to classify more PQ disturbance types. The 

utilization of a new de-noising approach (using the SURE 

method and Eq. 2) and an identification criterion (Eq. 14) to 

detect non-disturbance events to accelerate the solution 

procedure and prevent extra calculations is another advantage 

of the proposed method. 

 

Table V.  
The comparison of the proposed algorithm performance with 

other methods 

Reference Year 

CA 

(Without 

noise) 

CA 

(With 

noise 

30db) 

Number of 

disturbance 

types 

Data 

33 2018 100 - 6 Synthetic 

34 2010 98.5 - 8 Synthetic 

35 2018 96.71 - 7 Synthetic 

36 2014 97.9 - 8 Synthetic 

37 2009 95.75 - 7 Synthetic 

38 2012 97.33 - 8 Synthetic 

39 2010 98.75 90.61 8 Synthetic 

40 2014 99.5 - 5 

Synthetic 

and real 

time 

Proposed method 98.54 98.12 8 Synthetic 

 

IV. CONCLUSION 

A new method for PQ disturbance recognition and 

classification is introduced in the paper. The proposed 

algorithm is based on the discrete wavelet transform and 

correlation coefficient.  

This algorithm has advantages of discrete wavelet transform 

and correlation coefficient, but it does not have the 

disadvantages of artificial neural networks or 

neuro-fuzzy-based algorithms such as training and high 

dimension input matrices. It is not suffering from the 

disadvantages of Fourier transform-based approaches such as 

unsuitability for non-stationary signals as it does not track 

signal dynamics properly due to the limitation of fixed 

window width either. The existence of the criterion (Eq. 14) is 

another advantage of the method. This criterion prevents extra 

calculations, whenever the captured signal is not PQ 

disturbance. The proposed algorithm compared with the other 

methods has relatively higher accuracy and capability to 

classify more PQ disturbance types. The use of a new 

de-noising approach (the SURE method and Eq. 2) is another 

advantage of the proposed method. The simulation results at 

different noise conditions verify the effectiveness of the noise 

immunity of the proposed method. 
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 An RF energy harvester (rectenna) consists of a broadband monopole antenna and a quad-band rectifying circuit is 

designed to harvest EM wave energy in the frequency range of 1.412 GHz to 8.56 GHz, which covers GSM-1800, LTE-band, 

WiMax, Wi-Fi, and WLAN.  The initial component of the rectenna is an antenna that includes a semi-circular radiating 

patch with 8 circular stubs and a semicircle ground plane. The simulation results show the antenna has −10 dB impedance 

bandwidth at 7.148 GHz (from 1.412 GHz to 8.56 GHz). The second part of the rectenna is a rectifier circuit with a quad-

band matching network for RF to DC conversion. The rectifier benefits from a two-stage Dickson rectifier using Schottky 

diodes. The RF-DC conversion efficiency and output DC voltage are simulated, and the maximum output voltage of the 

rectifier is 7.2 V with the optimum load resistance of 𝑅 = 12 𝑘𝛺 and the peak conversion efficiency is 65.3%, when the 

input power of the rectifier is set -4 dBm at 1.71 GHz.  
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I. INTRODUCTION 

The technology of power transmission and energy 

harvesting from radio frequency electromagnetic waves, to 

supply power to wireless electronic devices, is of interest [1-

2]. This kind of energy sources can be employed to power 

wireless sensors and networks [3-4]. Fig. 1 shows the 

components of an RF energy harvesting system (Rectenna) 

including the receiving antenna, matching network, RF to DC 

rectifier circuits, and a load [5]. 

 The antenna can operate in one or more frequency bands 

with linear or circular polarization. The task of the antenna is to 

harvest the electromagnetic wave energy available in the  

environment. In the next step, the harvested wave is rectified. 

The matching network is a resonant circuit operating at the 

frequency band, and its purpose is to maximize the transmission 

power between the antenna and the RF to DC converter. The RF 

to DC converter comprises at least one rectifier circuit to 

transform the RF power to DC power. The output voltage of this 

circuit can be stored in a battery or used directly to power a load. 

The RF conversion efficiency of the receiver depends on the 

accuracy of the impedance matching between the antenna and 

the transducer and the power efficiency of the transducer. Also, 

the antenna bandwidth plays an important role on the efficiency 

of the system to harvest environmental RF energy. 
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Fig 1. The block diagram of an energy harvesting system 

 

In recent years, various broadband Rectenna (antenna 

integrated with rectifier circuit) have been introduced for the 

RF energy harvesting applications. Several broadband 

antennas are presented in [6-15], and different rectifiers are 

presented in [6-21]. In [6], the simulated impedance bandwidth 

of the antenna is 4.39 GHz (0.81 GHz-5.2 GHz). In [7], the 

impedance bandwidth of the antenna is 1.2 GHz (2.1 GHz-3.2 

GHz), and in [10], the impedance bandwidth is 0.7 GHz (from 

2 GHz to 2.7 GHz). Besides, several single band rectifiers [16], 

dual-band rectifiers [17,18], and multiband rectifiers [19-21] 

have been proposed employing different technologies.  The 

advantages of the broadband antenna are more energy 

harvesting power than a single band [22], dual-band [23], or 

triple-band antennas [24] as well as energy harvesting from 

several bands.  

This paper describes a new RF energy harvester (Rectenna) 

consists of a broadband monopole antenna and a quad-band 

rectifying circuit. The following sections describe the system. 

Part II describes the configuration and simulation results of the 

broadband antenna. Part III interprets the design and 

simulation results of the rectifier circuit and the matching 

network. Conclusions are presented in part IV. 

 

II. BROADBAND ANTENNA STRUCTURE  

The planar antenna is implemented on RT/duroid 5880 

substrate with a thickness of 1.57 mm, having a dielectric 

constant of 2.2 and a loss tangent of 0.0009. It is designed 

employing HFSS software. The dimension of the dielectric 

substrate is 43×44 mm2. The main radiating part of the antenna 

is a semicircle patch. So this structure can be considered as a 

circular patch, and its dimensions can be calculated using the 

formulations given in [25]. 

The antenna design process is shown in Fig. 2. The initial 

structure consists of a semicircular patch on the substrate with 

a 50  Ω  feed line and a rectangular ground plate with 

dimensions 14×44 mm2 at the bottom of the substrate. In the 

first structure, the simulation result (Fig. 3) shows that the 

impedance bandwidth of the antenna is 4.6 GHz (from 1.4 GHz 

to 6 GHz). In the second structure, by loading the radiating 

patch with 8 circular stubs with radius 𝑅𝐶 = 2 𝑚𝑚 , the 

impedance bandwidth of the antenna is increased to 6.988 GHz 

(from 1.412 GHz to 8.4 GHz) (Fig. 3). The circular stubs 

produce inductive reactance and remove the capacitive 

reactance in the radiating patch, which in turn creates the 

wideband characteristic. 

As shown in Fig. 2, for Structure 3, the ground plane is 

amended to a semicircle to produce a better matching as well 

as multiple resonating bands. Hence, the current which flows 

in the semicircular ground plane, has a longer path in 

comparison with current in a rectangular ground plane, 

resulting more resonating bands with improving return loss. As 

a result, the bandwidth of the antenna increased to 7.148 GHz 

(from 1.412 GHz to 8.56 GHz). Fig. 3 compares the reflection 

coefficients for the structures described in Fig. 2. Fig. 4 

illustrates the smith chart with and without the 8 circular stubs. 

It is clear that by adding more stubs, the inductive property of 

the antenna can be increased. 

 
 

Fig 2. The shape of the antenna at different stages of design 

process 

 
Fig 3. Influence of the rectangular ground, circular stubs, and 

semicircle ground on the reflection coefficient of the antenna. 

 
(a) 

 
(b) 

Fig 4. Smith chart (a) before adding subs (b) after adding stubs 
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Fig. 5 and Fig. 6 indicate the surface current distribution of 

the antenna on the rectangular ground plane and the 

semicircular ground plane at 1.9 GHz and 4.2 GHz, 

respectively. It can be observed that the intensity of the current 

flow in the semicircular ground is much higher than the 

rectangular ground at the desired frequency. Also, the 

dimension of the current path is indicated by the black arrows. 

This verifies that the length of the current path in a semicircular 

ground is much greater than a rectangular ground at selected 

frequencies. Therefore, this causes the new antenna to generate 

multiple resonance in different bands, which gives much 

higher bandwidth.  

 

 
(a)                        (b) 

 

Fig 5. Surface current distribution at 1.9 GHz, (a) on a 

rectangular ground plate (b) on a semicircular ground plane 

 

v  
             (a)                      (b)  

Fig 6. Surface current distribution at 4.2 GHz, (a) on a 

rectangular ground plate (b) on a semicircular ground plane 

 

 
Fig 7. Configuration of the proposed antenna. Physical size of 

the antenna is equal to: 

,3,22,44,43 mmWmmRmmWmmL F 

.15,2,18 mmLmmRmmL gCF 
 

 

 
Fig 8. The simulated reflection coefficient (|S11|) of the 

suggested antenna 

 

Considering the effect of the ground plane and circular stubs 

of the behavior of the patch antenna, the final design of the 

antenna for the power harvesting system has been proposed. 

Fig. 7 demonstrates the finalized structure of the monopole 

antenna indicating the optimized values of the parameters and 

patch sizes. The simulated reflection coefficient (|S11|) of the 

antenna is demonstrated in Fig. 8, signifying the antenna has 

−10 dB impedance bandwidth of 7.148 GHz (From 1.412 GHz 

to 8.56 GHz).  

Fig. 9 illustrates the simulated far-field radiation patterns in 

the x–z plane and y-z plane at frequencies of 1.8, 2.1, 2.4, 3.6, 

and 5.8 GHz, respectively. The radiation pattern of the 

proposed antenna is Omni-directional in both the vertical and 

the azimuthal planes. Thus, this achieved characteristic makes 

the new antenna suitable for RF energy harvesting applications.   

 
              (a)                           (b) 

 
               (c)                          (d) 

 
(e) 

Fig. 9. Simulated radiation pattern of the proposed antenna for 

x-z plane and x-y plane at (a) 1.8, (b) 2.1, (c) 2.4 (d) 3.6 and (e) 

5.8 GHz. 
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III. MULTI-BAND RECTIFIER STRUCTURE  

The design and simulation of a quad-band rectifier are 

performed on an RT/duroid 5880 substrate with a thickness of 

1.57 mm, a dielectric constant of 2.2, and a loss tangent of 

0.0009. The design of the rectifier circuits is demonstrated in 

Fig. 10 and is performed by the Advanced Design System 

(ADS) software. 

The RF signal is rectified by a two-stage Dickson rectifier 

using the SMS7630 Schottky diode [21]. This type of diode is 

chosen for the rectifier due to its low biasing voltage 

requirement for a weak input signal (forward bias voltage: 60–

120 mV @ 0.1 mA). To simulate SMS-7630 diode, the SPICE 

model parameters are utilized from [26]. A resonant 

impedance matching network at four frequencies is designed 

to match the antenna and rectifier circuit and thus achieve the 

maximum output power. The matching network is described in 

Fig. 10, which include several inductive-capacitive resonator 

circuit. The proposed quad-band circuit is designed at 

frequencies 1.71, 2.4, 3.6, and 6.1 GHz. The resonant 

frequency of the proposed circuit is
r . The physical length 

)(l  of the short-circuited stubs is calculated from the following 

formulas [21]: 

LC
r

1
                                   (1) 

)
2

tan(
2

0

l
Z

Lr 
                            (2) 

In equation (1), the series capacitance and inductance are 

denoted by L and C. In equation (2), l  expresses the 

electrical length of the short-circuited stub and Z0 represents 

the characteristic impedance of the transmission line (TL). The 

calculated sizes of TL components of the circuit are indicated 

in Fig. 10. 
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The rectifier was simulated by the Large Signal S-Parameter 

(LSSP) simulator of ADS software. The simulated reflection 

coefficient versus frequency of the quad-band rectifier at the 

input power of 0 dBm is plotted in Fig. 11. The circuit 

resonates at frequencies of 1.71 GHz, 2.43 GHz, 3.68 GHz, 

and 6.1 GHz. To achieve the output DC voltage and RF-DC 

conversion efficiency diagrams in terms of various input 

power levels (from -30 dBm to +30 dBm), the rectifier is 

simulated using the Harmonic Balance (HB) simulator in ADS, 

which indicates that, the output voltage is obtained at the 

optimum load resistance of 12 kΩ. 

Equation (3) is used to compute the RF-DC conversion 

efficiency [12]. As specified in equation (3), 
inputP  is the 

incident RF power while 
0P  is the output DC power. The 

output DC voltage and load resistance are denoted by 

)(0 DCV  and 
LoadR , respectively. 

100
1)(

100
)(

(%)

2


inputLoad

O

input

o

PR

DCV

P

DCP
Efficiency      (3) 

Load resistance is one of the most important parameters that 

play an essential role in calculating conversion efficiency. Fig. 

12 describes RF-to-DC efficiency versus input power from -30 

dBm to 30 dBm for various load resistors. The efficiency has 

been maximized at 𝑅𝐿 = 12 𝑘Ω. So, in the rectifier simulation, 

the optimum value of the resistor is set as 12 𝑘Ω . With 

increasing the input power from -30 dBm to 30 dBm, the 

conversion efficiency first increases and then decreases. Also, 

with the change of the load resistance in the range of input 

power from -15 dBm to 15 dBm, the RF to DC efficiency is 

more than 30%.  

Fig. 13 describes RF to DC efficiency versus input power 

for various frequencies with the DC load 𝑅𝐿 = 12 𝑘Ω , 

representing that, the RF to DC conversion efficiency is 45% 

(at 1.71 GHz), 20%, (at 2.43 GHz), 4% (at 3.68 GHz), and 4% 

(at 6.1 GHz) at an input power of −10 dBm. The maximum 

value of conversion efficiency for the input power of -4 dBm 

at 1.71 GHz is 65.3%. 

 

Fig 11. Simulated || 11S  of the quad-band rectifier at 𝑃𝑖𝑛 =

0  𝑑𝐵𝑚 

 
Fig 12. Simulated RF-to-DC conversion efficiency of the 

suggested rectifier versus input power with various resistive 

loads. 
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Fig 13. Simulated RF-to-DC conversion efficiency of the 

proposed rectifier versus input power at four frequencies with 

 KRL 12 . 

 

Fig. 14 (a) and (b) show the output DC voltage and the 

output power versus the input power for various frequencies, 

respectively. It is found that the maximum output voltage is 

equal to 7.2 V in 𝑃𝑖𝑛 = 11 𝑑𝐵𝑚 and 𝑅𝐿 = 12 𝑘Ω. Also, it is 

observed that the maximum output power is corresponded to 

4.38 mW in  𝑅𝐿 = 12 𝑘Ω  . 

 

 
(a) 

 
(b) 

Fig 14. (a) Simulated output voltage versus input power of the 

rectifier (b) Simulated output power versus input power at four 

frequencies with the DC load 𝑅𝐿 = 12 𝑘Ω. 

 

Table 1 compares the performance of the new multiband 

rectifier with the parameters indicated in the published papers 

reporting similar projects. For a fair comparison, the 

simulation results of this design has been compared with the 

simulation results reported in the referenced papers. As 

indicated, the maximum RF-DC efficiency of the new rectifier 

happens at input powers less than 0 dBm (−4 dBm), which is 

lower than the factor in other related designs. Moreover, the 

efficiency of the new rectifier at 𝑃𝑖𝑛 = −10 𝑑𝐵𝑚  is much 

higher than the reported designs. 

 

 

TABLE I 

PERFORMANCE COMPARISON OF THE SUGGESTED 

MULTI-BAND RECTIFIER AND OTHER REPORTED 

RECTIFIERS 

 

IV. CONCLUSIONS 
 

A rectenna having a new monopole antenna with improved 

bandwidth is designed and simulated. The system is equipped 

with a multi-band rectifier circuit to be used as an RF energy 

harvester. Firstly, a broadband monopole antenna with a 

semicircle ground plane is designed. The simulations verify 

that the proposed antenna has the highest bandwidth compared 

to the reported broadband antennas. Subsequently, a quad-

band rectifier circuit has been designed using a two-stage 

Dickson rectifier and resonant matching network to transform 

the received AC signal from the antenna to a DC voltage 

required for powering wireless devices. The simulated results 

indicate that the rectenna has an RF to DC conversion 

efficiency of 65.3% for -4 dBm input power and a maximum 

DC output voltage of 7.2 V at 1.71 GHz with 𝑅𝐿 = 12 𝑘Ω  

and 𝑃𝑖𝑛 = 11 𝑑𝐵𝑚.  
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In this paper, a virtual inertia control strategy based on linear feedback is presented that improves dynamic behavior of 

islanded dc microgrids interfaced with constant power loads (CPLs). In order to solve the stability challenges caused by low 

inertia and CPLs, the proposed control scheme is composed of a virtual capacitor and a virtual conductance. It is 

implemented in the inner loop control, i.e. current loop control to be fast enough emulating inertia and damping concept. In 

addition, the droop characteristic is modeled by using the virtual resistance which adjusts the steady-state response of the 

system. In this study a multi-level structure is considered, which comprises the source level, interface converter level, and 

common load level. In addition, an accurate small-signal model is used to investigate the stability of dc MG interlaced with 

CPLs, and then, an acceptable range of inertia response parameters is determined by using the root locus analysis. 

Performance of the proposed control structure is demonstrated through numerical simulations. 
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I. INTRODUCTION 

 Recently dc microgrids (MGs) have attracted more 

attention because of the increasing use of dc energy sources, 

energy storages, and loads in power systems. In these systems, 

challenges like reactive power flow, synchronization and 

power quality problems-which are challenge for ac systems, 

do not exist [1]. Fig. 1 shows a typical dc MG. Due to the 

probable and random nature of wind and solar resources, the 

bigger and more power imbalance is happened between the 

generation and consumption. This is a clear reason for 

reduction of MGs inertia in the presence of distributed 

generation sources [2]. Furthermore, if these resources are 

definite and constant, due to the lack of rotating energy and 

connection of these resources through the power electronic 

interface to the power system, the system inertia is reduced, 

which causes an increase in voltage fluctuations from the 

nominal value and decreases the security of the MGs. 

Obviously, the high amount of inertia increases the kinetic 

energy of the grid. This feature reduces the voltage fluctuations 

and increases the capability of the grid to compensate the 

energy imbalance that happened due to probable occurrences 

or load changes [3]. 

Several solutions are presented to increase the system inertia 

with high penetration of renewable energy in ac MGs [4]-[8]. 

Some of the control strategies are designed in such a way that 

power electronic converter emulates the synchronous 

machines behavior. The great advantage of power electronic 

converters is that the desired output power is generated by 

using proper control mechanism. These methods are based on 

simple derivative-proportional droop control rules [5]-[6] or 

more sophisticated control schemes which are called virtual 

synchronous generators (VSG) [7]-[9]. In VSGs, by using 

power electronic converter, fast-response energy storage and 

the special control mechanism, inertia for RESs is created. 

This strategy is also known as virtual inertia (VI). In some 

studies, VI is used to operate a grid connected inverter as a 

VSG [10], [11]. Droop control is well- known method to solve 

the low inertia issue by limiting the frequency and voltage 

changes within the permitted range. By comparison between 
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conventional droop control and VSG control, a generalized 

droop control is presented in [12]. In [13] and [14], a modified 

droop control method using fuzzy logic is designed based on 

the inertia injection, which injects adaptive virtual inertia 

instead of modeling the constant inertia. By selecting 

appropriate values of inertia and damping, proper performance 

of a VSG is guaranteed. In [15], a robust control method is 

used for fine-tuning the virtual parameters. 

At present, researches on the VI control in dc MGs are 

hardly reported. The concept of VI control strategy is derived 

from the concept of VSG to regulate the dc bus voltage in a dc 

MG [16], [17]. In [16], a VI control strategy analogized with 

VSG is proposed to increase the inertia of the dc MG. However, 

integral feedback that used in this method not provides fast 

inertia in the first moment after disturbances. Furthermore, for 

droop-controlled converters in dc grids, the compromise 

between primary voltage regulation and damping coefficient 

needs to be considered. Increasing the inertia of photovoltaic 

(PV) systems through inertia emulation in autonomous MGs is 

presented in [18] and [19]. In these studies, for increasing 

inertia in a dc MG, VI control is generally employed in grid 

connected ac–dc type converters. In [20], adaptive VI control 

is proposed for the photovoltaic (PV) connected converter to 

eliminate the need of high-power storage for inertia emulation 

in a dc MG. However, utility of this method is limited by the 

availability of PV power and virtual damping coefficient has 

not been considered in the controller design procedure. In [21], 

the concept of a virtual dc machine is used to imitate the inertia 

specification of a dc machine in dc MGs through the control of 

the bidirectional dc–dc converters. The above mentioned VI 

control strategies, however, are inefficient in the presence of 

constant power loads (CPLs). 

The research of CPLs in dc systems is essential to marine 

systems, automotive and aircraft applications [22]. From the 

source bus point of view, when a power electronic converter 

tightly regulates its output voltage with resistance load, it 

behaves like a CPL. The CPL has a positive instantaneous 

impedance but a negative incremental impedance. Hence, once 

the source bus voltage increases, the input current decreases 

and vice versa. This decreases the system’s damping and 

makes the system more prone to oscillation [23]. Many 

solutions have been introduced for dc-dc power converters 

interfaced with CPL. One of the basic methods to overcome 

the CPL problem is by passive damping filters e.g., adding 

damping resistors in parallel or series with the inductor or 

capacitor of the filter [24]. Although this solution is simple and 

effective, it is costly and limited by physical constraints [22]. 

Another simpler and more effective way to tackle the CPL 

problem is using active damping. An active damping technique 

is implemented by control loops while emulating the passive 

elements. Due to the negative-impedance characteristics of 

CPLs and the nonlinearity of converters, nonlinear control 

strategies have been used to stabilize system, for instance, 

robust control [25], input-output linearization techniques [26], 

nonlinear control based on back stepping and nonlinear 

disturbance observer techniques [27]. Comparing with linear 

control methods, nonlinear ones are limited in practice because 

of a high requirement for the hardware configuration, more 

complication and extra cost [28]. In [29], the concept of smart 

resistor is proposed to dynamically stabilize CPLs at the point 

of load, wherein the equivalent load impedance can be made 

resistive instantaneously with energy storage units and high-

bandwidth power converters. However, it is usually also not 

justifiable to install costly power conditioning modules only 

for stabilization purposes because they reduce the economic 

prospects and reliability of the whole system. In [30], a virtual 

resistance is created in series with the output of the converter. 

However, it leads to a significant drop in the output voltage at 

heavy loads resulting in poor voltage regulation. To overcome 

this drawback, the authors in [31] propose a virtual parallel 

resistive-inductive branch at the output of the source side 

converters feeding the CPLs. For improving the stability of the 

dc microgrid system, a virtual negative inductor [32] and 

virtual impedance [33] are constructed on the output of source-

side converter. However, these methods suffer from some 

disadvantages:1) these methods only focus on solving the 

stability and voltage regulation problems while they are 

ineffective in improving the inertia response, and 2) when step 

changes or random fluctuations occur from the intermittent 

power resources and load power, low frequency oscillation 

appears, which results in lower dc voltage quality. 

In this paper, the emulation of inertia and damping using 

derivative and proportional terms is proposed for islanded dc 

MGs with CPLs. This emulation is implemented in the inner 

current control loop. The fast and slow dynamics of the system 

have various effect on the voltage profile. The fast dynamics 

are directly related to the internal control loop i.e., voltage and 

current controllers. The slower transient dynamics are 

established by the virtual impedance control, droop 

mechanism and interactions between them. Therefore, by 

adding proportional and derivative signals of dc bus voltage to 

current controller with a particular mechanism, the rate of 
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Fig. 1. Structure of a typical dc MG with CPL. 
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injection inertia to the system will be increased. The salient 

features of this paper are as follows: 

 The proposed virtual control strategy is based on a linear 

feedback. It uses measurement of the output voltage and 

current in source-side converter in order to guarantee the 

stable operation and to enhance the damping of dc MGs with 

CPLs. Opposed to the existing virtual-impedance-based 

stabilizations in [31], [32] and [33], which are focused only 

on the stability improvement, the proposed controller 

improves dynamic response with decreasing rate of change 

of voltage (RoCoV). 

 The proposed derivative term in the inner control loop 

decreases rate of change of dc bus voltage by using virtual 

capacitance that emulates inertia concept. Comparing with 

the existing virtual inertia control in [16] and [17], which 

implements in droop control loop, the proposed virtual 

inertia provides faster inertia response to decrease the 

RoCoV in the first moment after disturbances due to the 

derivative feedback is implemented in inner current loop.  

 The proposed proportional term in the inner current control 

increases damping of dc bus voltage by using virtual 

conductance that emulates damping coefficient concept. 

Opposed to the existing virtual damping coefficient in [16] 

and [17], which increases the negative impact on voltage 

regulation performance, the proposed proportional term in 

the virtual inertia loop does not affect the steady state 

voltage. 

 The small-signal stability analysis is used to study the 

system behavior under small distortion or load deviation at 

the presence of the proposed control loop. The proposed 

method is evaluated using the eigenvalue analysis and time-

domain simulations. 

The rest of this paper is divided into five sections. In Section 

II, the proposed control strategy is introduced based on the 

virtual inertia concept for the dc MGs. Section III presents a 

multistage structure of dc MGs with CPLs and describes an 

accurate small-signal model of dc MGs. The stability analysis 

of the system and parameters range selection in the presence 

of the proposed controller are described in the Section IV. 

Simulation studies are presented in Section V. Finally, some 

conclusions are given in final section. 

II.  PROPOSED VIRTUAL INERTIA CONTROL 

FOR DC MGS 

In traditional power grids, the inertia indicates the ability of 

the system to prevent high frequency changes through 

injecting kinetic energy of rotating part in the occurrence of a 

fault. In this condition, the control system of synchronous 

generator (SG) will have enough time to compensate the active 

power. In SGs, the swing equation is a relationship that 

correlates input mechanical power, output electrical power, 

and the frequency. The imbalance equation, and the kinetic 

energy stored in the two poles of SG is given as [16]: 

    set o p n

d
P P D J

dt


    (1) 

where Pset, Po, Dp, ω, ωn and J are the reference active power, 

the output electrical power, the damping coefficient, the 

angular frequency, the nominal angular frequency, and the 

amount of inertia, respectively. When J and Dp increase 

(decrease), the rate of change of frequency (RoCoF) and 

frequency deviation are decreased (increased), respectively. In 

MGs, however, the damping coefficient, Dp, is a small value 

while the total inertia, J, changes mainly depending on the 

number of distributed generations (DGs) in the system [2]. For 

dc MGs, the amount of inertia is in fact the ability of the system 

to prevent high variation of the dc bus voltage due to 

turbulences. In order to study the virtual inertia concept, a 

simplified dc MG is shown in Fig. 2(a). By imitating relation 

(1), the balance current equation in the node connected to the 

dc load bus capacitor shown in Fig. 2(a) is obtained as follows: 

2
2 1  C

o in

dv
i i C

dt
 (2) 

where io2, iin1, vC2, and C are the injected current into the dc 

load bus from the source-side converter, the load current, the 

dc load bus voltage, and the dc load bus capacitor, respectively. 

Comparing (1) with (2) one can write that the dc link capacitor 

in a dc MG shows similar behavior as inertia in ac systems. 

When turbulence occurs in the load current, the dc link 

capacitor with rapid active power injection prevents the big 

changes in the dc link voltage. Thus, to increase the inertia in 
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dc MGs, size of the dc link capacitor has to be increased. 

Accordingly, instead of increasing capacity of the dc link 

capacitor physically, its size can be increased virtually using a 

virtual capacitor created by a control loop.  

Assume that the variables in (2) are written as the sum of 

steady-state variables and their small perturbations the 

corresponding small-signal equation can be expressed as 

follows 

2
2 1


    C

o in

d v
i i C

dt
 (3) 

In such a case, the amount of injected current can be 

obtained as 

2
2 2

1
 

     
 

C
o v C

c

d v
i C v

dt R
 (4) 

2
2 2 2

1 
    C

o o v C

c

d v
i I C v

dt R
 (5) 

where i*
o2, Io2, Cv and 1/Rc are the output current reference, the 

nominal output current, the virtual capacitor and the virtual-

conductance analogous to the damping factor Dp of SGs, 

respectively. The negative sign in (4) shows negative feedback. 

By substituting (4) into (3), we obtain 

  2
1 2

1 
     

 

C
in v C

c

d v
i C C v

dt R
 (6) 

According to (6), increasing the virtual inertia and the 

virtual damping factor will result in decreasing the rate of 

change of voltage (RoCoV) and dc voltage deviation. 

General scheme of the proposed virtual inertia loop is 

illustrated in Fig. 2(b), where it is implemented in the primary 

control level providing reference for the inner current loop. 

The inner control loop mechanism applied to the system 

consists of two modules: voltage controller and current 

controller with their designed set points. The droop control is 

widely used to reach proper load power sharing in dc MGs. 

The voltage and current controllers employ conventional 

proportional-integral controllers due to zero steady state error 

and easy adjustment. However, the pure differentiator of the 

virtual capacitance in the proposed method may bring 

undesired high frequency noises to the system. For avoiding 

this issue, a first-order low-pass filter (LPF) is constructed in 

series with the virtual capacitance feedback. Meanwhile, the 

PWM delay is expressed as a first-order transfer function that 

depends on the sampling time. The proposed control approach 

can easily be implemented to all types of dc-dc converters. 

Here, without loss of generality, a multi-level structure of dc 

MGs interfaced with bidirectional buck converter is utilized. 

III. SMALL-SIGNAL MODELING OF DC MGS 

WITH CPLS 

A. Structure of dc MGs 

A typical structure of a dc MG is shown in Fig. 1 [23], [27], 

[33]. In this structure, two types of energy sources i.e., PV and 

battery are considered. The dc MG shown in Fig. 1 has a three-

level configuration. In the first level, namely the source stage, 

in order to absorb the maximum available power, the 

interfacing converter is employed for PV. Meanwhile, the 

interfaced converter for battery is used to generate constant 

output voltage. The second level is consist of interfacing 

bidirectional converter which establishes the local output bus. 

Finally, the third level is a common load bus. CPLs are 

connected to the common load bus in this stage. Different 

voltage levels can be used in dc MGs [33]. The PV with rated 

output voltage of 55 V and battery with rated output voltage of 

48 V are selected in the first stage, and the output voltage, i.e., 

the source bus voltage is fixed at 200 V. In the meantime, the 

output voltage of the second stage is selected as 100 V. 

Due to the nominal voltage of each bus, different types of 

interface converters are selected. For PVs in the first stage, 

unidirectional boost converter is used as the interface. For 

battery in the first stage, bidirectional boost converter is 

selected to achieve both of the charging and discharging 

operations. For the interfacing converter in the second stage, 

bidirectional buck converter is selected. For CPL that 

connected at the common load bus, unidirectional buck 

converter is utilized. In order to study the performance of the 

proposed virtual inertia-based controller, a general model of 

the dc MG with CPLs must be derived.  

B. Small-Signal Model of dc MGs with CPLs 
In order to investigate the effectiveness of the proposed 

virtual inertia function, a precise and model of the 

aforementioned dc MG needs to be considered. As mentioned, 

different types of converters are used in each level. Here, 

without loss of generality, it is assumed that the source stage 

fixes its output voltage, and its dynamic is faster than the 

second stage consist of interfaced buck converter. Thus, 

dynamic of the first stage is not considered and the simplified 

dc MG scheme shown in Fig. 2(a) is studied. The detailed 

analysis of the system model is discussed below. Here, subtitle 

“1” is used for CPL unidirectional buck converter, and subtitle 

“2” is used for bidirectional buck converter between source 

bus and local load bus. 

For the point-of-load (POL) converter, a unidirectional buck 

converter with a resistor as its load is selected as an example 

to represent the CPL. As suggested in [33], the closed-loop 

input impedance of the POL converter as follows 

 

 
 

2
1 0
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3 2

1 1 1 2 1 1

2 2 2 2 2

1 1 1 1 1 2 1 1 2
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C
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o

L L C p L C 2 i

L p C i C

v̂
Z s

î

R C L s L s R V k s R V k
                

R C D s D k D V s k D V

 (7) 

where C1, L1, RL, VC2, D1, kp1 and ki1 are the capacitance, the 

inductance, the resistance load, the steady-state dc load voltage, 

the steady-state duty cycle, the proportional and integral terms 
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of Gpi1. Equation (7) indicates a dynamic impedance that is 

more accurate comparing the pure negative resistance, i.e. Z IN1 

(s)= -RL/D1
2.  

For the bidirectional buck converters between the dc source 

(200 V) and dc local bus (100 V) if the switch turns on, it yields 

[34] 

2
2 2 2

2
2 2 2


 


  


L
g C

C
L o

di
L v v

dt

dv
C i i

dt

 (8) 

where vC2, iL2, and io2 are the capacitor voltage, the inductor 

current and the output current, respectively. If the switch turns 

off, it yields 

2
2 2

2
2 2 2


 


  


L
C

C
L o

di
L v

dt

dv
C i i

dt

 (9) 

By applying averaging technique, the state-space equation 

is obtained as 

2
2 2 2 2

2
2 2 2


  


  


L
C g

C
L o

di
L v d v

dt

dv
C i i

dt

 (10) 

where d2 is the duty cycle of the switch. From (10) and (7), the 

small-signal model is obtained as 
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where the steady-state values of variables represent with 

capital letter and the variables with “^” show the small-signal 

deviation. Let 
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By taking the Laplace transform of (11) and combining the 

results, one can write that 
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(a)                                  (b)                                (c) 

 
(d)                                  (e) 

Fig.3. Trajectory of the system eigenvalues for the dc MG test system: (a) varying Cv, Rc and CPL=1kW, (b) a zoomed view of (a) in 

origin, (c) varying Rc while CPL=1 kW, (d) varying CPL while Rc=1 and Cv =0.01, (e) varying τ while Rc=5 and Cv =0.01 and CPL=1 

kW. 
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In all dc-dc converters, the output voltage is a function of 

the control signal d, the turbulences caused by the voltage line 

of vg and the load current of io. Therefore, the output voltage 

which equals to the capacitor voltage is obtained as a linear 

combination of these inputs as follows: 

       2 2 2 2 2  C vd vg g o o
ˆ ˆˆ ˆv s G d s G v s Z i s          (14)
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 

vd vg

o

G C sI A B ,G C sI A B
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By applying the proposed control method in Fig. 2(a), the 

small-signal model is achieved 
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where, GLPF = 1/(τs+1) and τ is the time constant of the LPF. 

Also, Gd = 1/(1.5TsPWM s+1) represents the unit pulse width 

modulation delay and TsPWM is the sampling period. The 

closed-loop transfer function between the output voltage and 

the reference voltage is as follows: 
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Furthermore, the steady state value of the output voltage is 

obtained as follows:
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The steady state value is only a function of the droop 

coefficient and load resistance. This value can improve the 

load division of several DG units into a dc MG by adjusting 

the steady state output voltage.  

Finally, the relation between the output voltage of converter 

and the load current is obtained as
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IV. STABILITY ANALYSIS AND PARAMETER 

SELECTION  

According to the precise small-signal model achieved in 

Section III-B, stability analysis can be studied by analyzing the 

eigenvalues of the transfer functions (17) and (20). The 

proposed controller parameters that affect stability are the 

virtual capacitor Cv, virtual resistance Rc and the low-pass filter 

time constant (τ). In order to obtain the system stable, the 

dominant poles of the small-signal model in (17) and (20) must 

be located in the left-half of the s-plane. The stability of the 

proposed controller with CPLs is investigated by varying the 

value of system parameters, as shown in Fig. 3. The trajectory 

of dominant poles with changing the virtual capacitance for 

various value of Rc and Po=1kW is shown in Fig. 3(a). It can 

be seen that two poles move toward the unstable region. By 

selecting proper virtual capacitance, i.e., Cv < 0.02, the system 

stability is guaranteed. With increasing Cv, the dominant poles 

move toward the imaginary axis and the system behaves like a 

2nd order system (see Fig. 3(b)). The trajectory of dominant 

poles when changing the virtual resistance and Po=1kW is 

shown in Fig. 3(c). By increasing 1/Rc (decreasing Rc), the 

damping ratio of dominant poles increases and the response 

speed is decreased. Fig. 3(d) shows the unstable system trace 

when the CPL increases and Cv=0.01, Rc =1. It can be observed 

that increasing load power deteriorates the damping and causes 

instability. Fig. 3(e) shows the dominant poles of the system 

when the time constant of the LPF increases from 0 to 40 ms. 

It can be seen that two poles move toward the stable region. 

By selecting proper time constant, i.e., τ > 2.5 ms, the unstable 

poles move to the left side s-plane, hence the system stability 

is guaranteed. 

V. SIMULATION RESULTS 

In order to validate the performance of the proposed control 

method, the dc MG test system (Fig. 1) is simulated in 

MATLAB/Simulink software. The parameters of the system 

are given in Table I. 

A. Case I: Operation of dc MG with PV, Battery and CPL 

For testing the proposed control strategy for the injection of 

virtual inertia, a typical dc MG including PV, battery and CPL 

is used. In order to track the maximum power from the PV 

system, a unidirectional boost converter is implemented 

between PV and dc MG. The bidirectional boost converter for 

the battery is employed to construct the local source bus with 

a voltage and current control loops. The source bus voltage is 

regulated at 200 V. By employing the bidirectional buck 

converter for interface converter, the load bus of the distributed 

generation unit is constructed. The load bus is regulated at the 

rated value of 100 V. The existence of the CPLs in dc MGs is 

the worst-case scenario from the stability perspective. 

Therefore, it is assumed that a CPL with power rate of 1kW is 

connected to the load bus. The PV output power, battery output 

power and CPL power are shown in Fig. 4, when the PV output 

power reference changes. In this case unit 1 only feeds the load. 

PV output power follows its reference value and with battery 

feed load power. When the output power of PV is more than 

the load power, the difference in their power is stored in battery 

(0.5 s < t < 0.6 s). Fig. 5 illustrates the PV output voltage, 

source bus voltage and load bus voltage when the PV output 

power reference changes. It can be seen that the load bus 

voltage is lower than its reference value due to the droop 

mechanism. 
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B. Case II: Varying of the Reference Voltage and Load 

Power 

In this scenario, effectiveness of the proposed virtual inertia 

loop is studied under continuous load step-up change (see Fig. 

6). During the test, the CPL varies from 1 to 1.5 kW by 0.1 kW 

load-step. As can be seen, by using the proposed virtual inertia, 

virtual damping and droop control, stable operation is 

guaranteed. In addition, the performance of the proposed 

controller under continuous voltage reference change is also 

studied. During the test, the reference voltage varies following 

the sequence of 100, 120, 80, 100, and 140 V. As it can be seen 

from Fig. 7, the stable operation is assured with the proposed 

VI. 

C. Case V: Impact of Virtual Parameters 

Fig. 8 shows the dynamic response of dc load bus voltage 

for +20% change in voltage reference from V*
C2 = 100 V to 

V*
C2 = 120 V at t=0.4s. Dc bus voltage for various values of Cv 

while other system parameters are constant is shown in Fig. 

8(a). As the Cv increases, the dc load bus voltage would 

smoothly change and the RoCoV decreases. This means that 

TABLE I   

SYSTEM PARAMETERS OF THE DC MG 

System Parameters Values Parameters Values 

PV 

system 

L4 5mH Vg4 55V 

C4 0.5mF VC4 200V 

Battery 

system 

L3 4mH Vg3 48V 

C3 0.8mF VC3 200V 

Interface 

converter 

L2 1mH Vg2 200V 

C2 1mF VC2 100V 

Load 
L1 10mH Load Power 1 kW 

C1 0.1mF VC1 50V 

 

 

 

Fig. 4. Output power of different stage unit 1 when the PV 

output power reference changes. 

 

 

Fig. 5. Output voltage of different stage unit 1 when the PV 

output power reference changes. 

  

 

 

(a) 

(b) 

Fig. 6. Performance of the proposed VI solution under load 

power change: (a) load power step-up, (b) load bus voltage. 

 

Fig. 7. Load bus voltage (blue solid line) following step changes 

in the voltage reference (red dashed line). 
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the inertia of the dc MG is increased. Thereby, the value of Cv 

denotes the synthetic inertia of the dc MG. However, by 

increasing Cv the system damping decreases and is prone to 

cause the DC bus voltage oscillation. This issue can be 

diminished by increasing damping coefficient (1/Rc) that 

effectively eliminates the low-frequency voltage oscillations. 

Fig. 8(b) shows dc bus voltage for various values of Rc while 

other system parameters are constant. By decreasing Rc 

(increasing 1/Rc), the deviation of dc bus output voltage 

decreases. One can observe that virtual conductance 1/Rc can 

reduce the deviations of the dc bus output voltage and no 

influence on the RoCoV when voltage reference changes. 

Although virtual inertia response is more effective, it increases 

the settling time of the dc bus voltage. Consequently, a 

compromization between the settling time and the voltage 

deviation is needed for selecting the inertia and damping 

coefficients. The effectiveness of the proposed inertia response 

is tested under load power variation. Fig. 9 shows the dc load 

bus voltage for +50% step-change in load power from the 

initial value of Po = 1 kW, to the final value of Po = 1.5 kW at 

t=0.4s. In Fig. 9 (similar to Fig. 8), when Cv and/or 1/Rc 

increase (decrease), the RoCoV and voltage deviation will 

decrease (increase), respectively. Meanwhile, the parameters 

of inertia response have no influence on the steady-state 

performance. 

The proposed method can be compared to previous works 

with implementing virtual parameter. Fig. 10 shows the 

comparison simulation results between the virtual capacitance 

(VC) method presented in [16], the virtual impedance (VI) 

method presented in [33], the virtual negative inductance 

(VNI) method presented in [32], and the proposed method for 

the same system parameters, loading conditions, and a 50% 

step change of load power at t = 0.5s. To have a better 

comparison, the same settling time is considered in the 

      

(a)                                                             (b) 
Fig. 8. Dynamic responses of dc load bus voltage after a step change in voltage reference: (a) varying Cv for Rc=2 and CPL=1kW, (b) 

varying Rc for Cv =0.005 and CPL=1 kW. 

 

     

(a)                                                            (b) 

Fig. 9. Dynamic responses of dc load bus voltage after a step change in load power: (a) varying Cv for Rc=2 and CPL=1kW, (b) varying 

Rc for Cv =0.005 and CPL=1 kW. 

 

 
Fig. 10. Behavior of the dc bus voltage during a sudden load increase. 

 



International Journal of Industrial Electronics, Control and Optimization .© 2021 IECO… 75 

 

methods. It is shown that the proposed controller provides 

quite better transient response, smaller RoCoV, smaller 

undershoot and no overshoot in comparison with other control 

techniques. 

VI. CONCLUSION 

This paper presents a control strategy based on virtual 

inertia to enhance dynamic response and stability of dc MGs 

interfaced with CPLs. In the proposed method, the derivative 

feedback coefficient (Cv) mimics the virtual inertia of 

synchronous machines, while the proportional feedback gains 

1/Rc and Rd mimics the damping factor of synchronous 

machines and the conventional droop mechanism, respectively. 

A multistage dc MG with interface buck converter is 

considered to verify the effectiveness of the proposed control 

method. Comprehensive small-signal model of source-side 

buck converter and load-side buck converter are derived, and 

parameters selection are discussed based on root-locus 

analysis. The simulation results indicate that the proportional-

derivative control can provide damping and inertia properties. 

When virtual capacitance and virtual damping coefficient 

increase (decrease), the RoCoV and the dc voltage deviation 

are decreased (increased). 
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 This paper presents a novel topology of permanent magnet brushless DC motors. Brushless DC motors usually experience 

torque ripple mainly caused by cogging torque. In the proposed motor, the whole structure of the rotor’s permanent magnets 

has been changed so that the cogging torque is considerably mitigated. The philosophy behind this modification depends on 

the way of flux-path production in the rotor structure and it should be similar to the way of motor phases. An initial 

electromagnetic analysis is, first, carried out using the finite element method. A sensitivity analysis is, next, included to obtain 

the most important design parameters for the proposed structure. The different performance parameters of the motor are 

calculated and compared between the proposed structures and the conventional BLDC structures. The results reveal that the 

proposed motor has a considerably lower torque ripple retaining an average value of the produced torque. The proposed 

structure is also compared with an asymmetrical V-type structure and the results further show the effectiveness of the 

proposed structure. 
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I. INTRODUCTION 

Nowadays brushless DC (permanent magnet) PM motors 

have been the main focus of many researchers because of their 

considerable advantages. In this type of AC motors, some PMs 

are used instead of field winding in the rotor structure and the 

phase windings are located on the stator. Generally, PM motor 

types including brushless DC motors, synchronous motors, 

and stepper motors are widely used in industrial/home 

applications and electric vehicles because of their high 

performance, low maintenance costs, low vibrations and 

acoustic noises. There are different types of magnet 

arrangements including inner and outer PMs that are located 

on the rotor side of the brushless motors. The internal PM rotor 

types have a proper mechanical structure in which the PMs are 

fixed in their positions when subjected to a centrifugal force  

at high speeds. Additionally, these types of brushless DC  

 

 

 

motors exhibit high torque density and high efficiency [1-3]. 

Because of the rotor magnetic configuration, brushless DC 

motors have inherently high cogging torque [4]. The cogging 

torque is produced by the interaction between the stator teeth 

and the rotor PM poles. Moreover, the cogging torque is an 

imposed undesirable torque that is usually called the torque 

without current and is a function of the rotor position. The 

periodicity of cogging torque depends on the number of the 

rotor poles and stator teeth. The main disadvantage of the 

cogging torque is the ripple exerted on the total torque. This 

causes not only vibration and noise but it may also influence 

the drive performance [5-6]. For some applications, the torque 

should be free of large ripples. These are the reasons why it 

has been important for the brushless DC motor designers to 

reduce cogging torque and then electromagnetic torque ripples 

are also undesired for the motor types that have no cogging 

torque [7]. Cogging torque may limit the use of different 

modern control techniques as well. Reference [8] explains a 
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new method to overcome harmonic problems caused by 

cogging torque when field oriented control is used. However, 

these techniques can partly eliminate problems since cogging 

torque is inherently produced in BLDC motors. 

There are many different methods in the literature aiming at 

reducing cogging torque. In some cases, a skewed structure is 

used in the PM designs [4]-[9], and in some others, an 

asymmetric PM design is the main contribution to reduce 

cogging torque [10-11]. Considering different rotor designs, 

one may conclude that there are two major categories in which 

the topology has been changed to reduce cogging torque. In the 

first category, only PM arrangements are changed [12-15] 

while in the second category, the shape of the PMs is modified 

[16-19]. The geometric optimization of the PMs is another 

issue that researchers are focused on. The optimization of the 

rotor pole width [20-25], and stator pole width [26-27], stator 

pole arc length [28] as well as the optimization of the rotor pole 

arc or stator tooth coefficients [29] are the main optimization 

challenges mitigating cogging torque. Many studies have been 

carried out on the rotor side, and this exhibits the importance 

of the rotor design in reducing of the cogging torque. Precise 

design of pole and tooth ratio [10], asymmetric design of rotor 

external diameter and the use of the  modified pole shoe in 

the stator [30], reverse lamination [31], the creation of core 

gaps with different shapes, and an increase in the air gap length 

are the other recent attempts to reduce the cogging torque. In 

axial flux BLDC motors, the cogging torque may be differently 

reduced using some other techniques because different 

topology of the motor. There may be different layers in axial 

structure of BLDC motors to improve the cogging torque [32]. 

However, these techniques increase the 3D complexity of the 

BLDC motor design. Most of the mentioned methods help 

reduce peak-cogging torque. However, in most cases, this 

reduction of the cogging torque may not proportionally result 

in decreasing electromagnetic torque ripple. 

This paper proposes a new rotor topology with a modified 

PM arrangement to considerably reduce cogging torque. In 

most cases, the reduction of the cogging torque may 

inappropriately influence some other characteristics, like 

average torque. This paper explains how the new design has 

no undesirable effect on the other motor parameters. The 

analysis is carried out using a finite element method (FEA) 

simulation, and the results are compared with that of a 

conventional brushless DC motor considering similar 

parameters. The comparison is additionally continued for a 

new structure like asymmetrical V-type configuration since 

this structure has already shown low cogging torque. The 

analysis results show that the proposed topology of brushless 

DC motors has considerably low cogging torque and, as a 

result, a low torque ripple while retaining the other main 

characteristics. 

II. COGGING TORQUE IN BRUSHLESS DC 

MOTORS 

The torque produced in the PM motors is the result of the 

interaction between PM magnetic flux and the flux created by 

the windings. The total magnetic flux of a motor can be 

represented by the winding and PM fluxes, i.e. ,w PM  , 

respectively, as follows [33]:  

w w r PM
t w PM

w ag PM w ag PM

w w r PM

t t

N i

N i


  


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   

     


 

 

 

where 
wN  and 

wi  are the winding turn number and current, 

respectively. 
w , 

ag , and 
PM  represent the reluctance 

of the winding core, air gap, and PMs, respectively. Also, 
r  

is the internal flux of the permanent magnets linking the 

winding. It must be mentioned that the Eq. (1) is provided for 

a specified position and the winding reluctance, for example, 

is dependent on the position. In other words, Eq. (1) is based 

on the fluxes summation that dynamically changes. The 

winding inductance can be written as follows: 
2 2

w w
s

w ag PM t

N N
L  

   
 

Hence, energy can be represented as follows: 
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where 
ag  is the air gap flux. Considering the energy 

equation, one can represent the produced torque as follows: 

.

2 21 1
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The first and third terms in the torque equation will be zero 

if no current is considered in motor windings. The cogging 

torque can, thus, be calculated using the following equation 

that is the interaction between the PM flux and stator tooth 

reluctance:  

21
2

t
cog ag

d
T

d





  

The mentioned cogging torque is inherently dictated by the 

motor geometric topology. The detailed explanations are given 

in the Sequent III. 

III. DESCRIPTION OF THE PROPOSED 

TOPOLOGY 

Fig. 1 shows the proposed structure for brushless DC 

motors. To get some topological insight into the new design, 

the conventional structure of a motor is also illustrated. As 

shown in Fig. 1(a), the proposed topology utilizes an internal 

PM structure with four magnetic poles. The other pole  
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Fig. 1: (a) An illustration of proposed brushless DC motor along 

with its (b) conventional design. 

combinations can, of course, be considered for the proposed 

topology. In the proposed topology, some different gaps are 

considered in the rotor core to conduct PM magnetic flux in a 

specified path. The PM dimension, shape, and orientation are 

also modified. The total size of the PM is not changed, and it 

is divided into some smaller PMs. These modifications are 

made to improve the flux path and maximize the performance 

of the PMs. To make the comparison more reasonable, it is 

assumed that the stator dimensions, winding structure, and 

total PM weight are the same in the proposed and conventional 

structures. Some other parameters are also assumed the same 

and summarized in Table I. 

The proposed topology has different geometrical design 

parameters that may affect motor performance. To get an 

insight into the influences of these geometrical parameters, a 

sensitivity analysis is included in this section. Fig. 2 illustrates 

the proposed motor with its main geometric parameters that the 

topology is based on. Here, ml  and mw  are the length and 

width of the large magnets and sl  and sw  are the length 

and width of the small magnets, respectively. The point “O ” 

is the center of the arcs by which the guiding air gaps of the 

rotor magnetic flux are created. The large magnets have an 

angle shift of 90  from each other and the small magnets are 

located between them having an angle shift of 45  from the 

large magnets. On the internal sides of the rotor guiding air 

gaps, there are spiral air gaps by which the straight flowing of 

the magnetic flux is prevented. The final geometric parameter 

is the iron width, gw , which is considered to support the 

magnets and also to make the rotor body unified. 

In the next step, the mentioned design parameters of the 

proposed BLDC motor are assessed using the sensitivity 

analysis. In this analysis, the dimensions of the magnets are 

modified in ten steps so that their total volume in each step 

remains constant. The parameter gw  is also modified in five 

steps. The variation details are summarized in Table II. 
 

Table I: Fixed parameters of the brushless DC motor 

Parameter Value 

Nominal power, Voltage 350W, 80V 

Rotor diameter 25.5mm 

Stator external diameter 100mm 

Stator internal diameter 26mm 

Stack length 70mm 

Air gap length 1mm 

Stator tooth number 12 

Pole number 4 

Remanence of PMs 1.2T 

 

The results of the sensitivity analysis for small magnet’s 

dimensions of the proposed BLDC motor are illustrated in Fig. 

3. As shown in Fig. 3 (a), when the width of the magnets is 

reduced and the length is, accordingly, increased, the phase 

produces more torque. However, for an appropriate length of 

the magnets, the torque change is negligible. The same can be 

seen for the cogging torque based on Fig. 3-(b). The results 

exhibit that the cogging torque is slightly low for wide 

magnets. In the next step, a similar analysis is carried out for 

the large magnets whose results are depicted in Fig. 4. As 

shown, the results for the large magnets are completely 

different in comparison to the small magnets. In this case, 

when the width of the magnets is reduced, the phase produces 

less torque. The same can be seen for the cogging torque in 

which higher values belong to the wider magnet. Comparing 

two sensitivity analyses, the results exhibit that the large 

magnet’s dimensions have the most important effect on torque 

production. As a result, for a fixed volume of the large  

(a) 

(b) 

stator 

winding

PMs

rotor
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Fig. 3: (a) The produced torque and (b) cogging torque in terms 

of small magnet’s dimensions. 

 

magnets, widening of the magnets will lead to high torque. 

However, this results in high cogging torque as well. The 

geometric parameter, gw , is also considered in this analysis 

and the results are illustrated in Fig. 5 accordingly. The results 

show that widening the mentioned iron path will lead to low 

torque. On the other hand, there is always an optimum value 

for which the cogging torque is the lowest. Any 

increase/decrease from this optimum value will increase the 

cogging torque. The optimum value for this parameter in the 

proposed BLDC motor is about 1.05. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 4: (a) The produced torque and (b) cogging torque in terms 

of large magnet’s dimensions. 

Table II: divisions of the main design parameters 

Par.*/step T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 Vol. 

sl 9.55 9.5 9.42 9.35 9.28 9.22 9.14 9.07 8.95 8.83 
~30.3 

sw 3.17 3.19 3.22 3.24 3.26 3.29 3.31 3.34 3.38 3.43 

ml 23.57 23.44 23.22 23.14 22.97 22.84 22.7 22.58 22.45 22.33 
~81.7 

mw 3.47 3.49 3.52 3.54 3.56 3.58 3.6 3.61 3.63 3.66 

gw 1.02 1.04 1.06 1.08 1.1 - - - - - - 

*All parameters are presented in mm 

Fig. 2: Geometrical view of the proposed BLDC motor with main design parameters. 

(a) 

(b) 

(a) 

(b) 
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Fig. 5: (a) The produced torque and (b) cogging torque in terms 

of iron width gw. 

IV. PERFORMANCE ANALYSIS AND 

COMPARISONS 

A. Analysis and Comparison with the Conventional Design 

This section provides the results of an analysis of 

performance parameters for the proposed BLDC design in 

comparison to the conventional one. Fig. 6 shows the flux lines 

of the rotor permanent magnets flowing through the rotor and 

stator. The philosophy behind the proposed magnet topology 

is so that it produces the magnetic flux as similar as possible 

to the corresponding phase flux when no magnets are 

considered in the rotor. Fig. 6 shows the state of the flux path 

in the proposed structure while comparing it with the 

conventional flux path. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: The magnetic flux isolines of vector potentials for the 

proposed and conventional BLDC motors when PMs are aligned 

with two stator teeth (a), (b), and one stator tooth (c), (d). 

 

Fig. 7 shows the air gap flux density. It is also shown that 

the maximum air gap flux density remains constant and this 
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possibility may prevent unwanted saturation of the stator teeth. 

Any changes in the  mentioned flux density will affect the 

motor back-emf. How the flux has been changing determines 

the back-emf waveform. Fig. 8 shows the produced back-emf 

for the proposed and initial structure for a typical rotor speed. 

The back-emf waveform may influence the motor 

commutation and hence the motor total torque ripple. To 

precisely understand the difference in torque production 

capability of the proposed and conventional structure, the 

cogging and total torque of both motors are analyzed in the 

subsequent subsection. 
 

Fig. 7: The distribution of the air gap magnetic flux density in 

the proposed and conventional BLDC motors. 

 
 

Fig. 8: A comparison of the produced back-emf for the proposed 

and initial structures. 

 

The main contribution of the proposed BLDC motor is the 

reduction of cogging torque and hence electromagnetic torque. 

Fig. 9 compares the produced cogging torques of the proposed 

and conventional BLDC motors. As can be seen, the cogging 

torque for the proposed motor is considerably low and it has a 

small peak-to-peak value of 0.09Nm. This value for the 

conventional motor is about 0.29Nm and hence there has been 

a 70% reduction of in the cogging torque for the proposed 

BLDC motor. In this subsection, to assess the effectiveness of 

the proposed structure, a Fast Fourier Transform (FFT) 

analysis is also carried out to extract the cogging torque 

harmonics in both structures. The harmonic components of the 

cogging torque are illustrated in Fig. 10. The first to fourth 

harmonics play an important role in reducing cogging torque. 

Additionally, the proposed structure produces lower 

harmonics in comparison to the conventional one that may, in 

turn, result in a quiet operation and noise reduction in the 

proposed motor. 

 

 
Fig. 9: A comparison of the cogging torque in the proposed and 

conventional BLDC motors. 

 

 
 

Fig. 10: The harmonic components of the cogging torque in the 

proposed and conventional motors. 

 

There are different PM topologies that are used for BLDC 

motors to reduce the cogging torque, but most of them may 

cause unavoidably a reduction in the motor electromagnetic 

torque as well. Therefore, in any cogging torque improvement 

attempts, the electromagnetic torque retention must be 

considered. In this step, using a three-phase inverter, the 

proposed and conventional BLDC motors are energized, and 

the electromagnetic torque is obtained. The results are shown 

in Fig. 11 for a typical phase current of 4A. The average 

electromagnetic torque for the proposed and conventional 

motor is the same and is about 0.88Nm. As can be seen, the 

torque ripple is comparatively reduced in the proposed motor. 

The torque ripple for the proposed motor is 10.4% and for the 

conventional motor is 18%, which exhibits a 42% reduction 

for the proposed motor. The electromagnetic torque and ripple 

are verified for some other currents whose results are shown in 

Fig. 12. For lower values of the current, the average torque for 

both motors is the same (0.18Nm) but for high values of the 

current, electromagnetic torque of the proposed motor is 

slightly high (1.53Nm). Moreover, the torque ripple of the 

proposed motor for the lower value of the current is 9.1%, 

which is 60% lower than that of the conventional one. The 

torque ripple of the proposed motor for the higher values of the 

current is 13%, which is 27% lower than that of the 

conventional one. It should be mentioned that in the proposed 
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BLDC motor, the motor torque ripple is influenced by not only 

the cogging torque directly but also it is indirectly affected by 

the way of flux variation and back-emf waveforms. The latter 

may create torque ripple with the interaction between the back-

emf and phase current. It should be mentioned that the iron loss 

pattern for the efficiency calculations is considered constant 

for both structures because of no considerable change in the 

magnetic field and iron volumes of the motors under 

discussion. 

 

 

Fig. 11: An electromagnetic torque comparison of the proposed 

and conventional BLDC motors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 12: (a) Electromagnetic torque and (b) torque ripple for the 

proposed and conventional BLDC motors in terms of motor 

currents. 

 

B. Comparison with Asymmetrical V-type Design 

In this section, a new comparative analysis is considered to 

assess the proposed design properly. Among the internal PM 

BLDC motors, V-type structures have some advantages. In 

[11], an asymmetrical V-type structure is introduced whose 

results confirm the reduction of the cogging and total torque in 

this structure. Therefore, the aforementioned structure is 

additionally considered in this paper. To make a reasonable 

comparison, the stator structure is the same as in the proposed 

motor, and an equal volume of PM is considered for the V-type 

structure. The value of other parameters in the mentioned 

structure is selected according to Table I. Fig. 13 shows the 

asymmetrical V-type design together with its magnetic flux 

lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 13: (a) Asymmetrical V-type structure and (b) its magnetic 

flux lines. 

 

In the next step, the back-emf is calculated for the 

asymmetrical V-type design and depicted in Fig. 14. In the 

back-emf flat area, the fluctuations are acceptable. As was 

already mentioned, torque ripple directly or indirectly depends 

on the cogging torque and this is comparatively shown in Fig. 

15. The cogging torque for the proposed design is considerably 

low in comparison to the asymmetrical V-type structure. 
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Fig. 14: A comparison of the produced back-emf for the 

proposed and asymmetrical V-type structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: A comparison of (a) the cogging torque and (b) its 

harmonic components in the proposed and asymmetrical V-type 

design. 

 

In the next step, the motor torque is calculated for the 

asymmetrical V-type design and is depicted together with the 

torque of the proposed motor in Fig. 16. As shown, the 

proposed motor exhibits low torque ripple. Using different 

drive techniques, the torque ripple can be further reduced, but 

this paper focuses on the design of a geometrical topology. 

Finally, motor performance comparisons are summarized in 

Table III. The results confirm the effectiveness of the proposed 

BLDC motor structure. Considering the same configuration for 

the stator, the manufacturing cost of the proposed motor may 

be somehow different just because of the rotor structure. On 

the other hand, it is assumed that an equal volume of the PMs 

is used in the rotor configuration. Therefore, it seems that the 

cost difference will depend on the cutting method of the 

lamination and the number of PM segments as well. However, 

this difference may be neglected in a large scale production. 

The motor stack length in the proposed motor, as in internal 

PM BLDC motors, should be properly designed to ensure the 

mechanical robustness of the motor. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 16: An Electromagnetic torque comparison of the proposed 

and asymmetrical V-type designs. 

 

Table III: Comparisons of the motor performance parameters  

Parameter Conventional 

BLDCM 

Asymmetrical 

V-type 

BLDCM 

Proposed 

BLDCM 

Peak of cogging torque 0.29Nm 0.23Nm 0.09Nm 

Average electromagnetic 

torque 
0.882Nm 0.876Nm 0.88N.m 

Torque ripple 18% 15% 10.4% 

Efficiency 72.3% 74% 73.6% 

 

V. CONCLUSION 

This paper introduces a new permanent magnet brushless 

DC motor. Despite many advantages, torque ripple in BLDC 

motors is always a big concern for many researchers. The rotor 

structure together with the permanent magnet arrangement has 

a great impact on the cogging torque which often affects the 

torque ripple. This paper proposes and discusses a new BLDC 

structure in which the rotor is modified and permanent 

magnets are rearranged based on the magnetic flux path of the 

stator phases. The proposed structure has different geometric 

design parameters and in the first step, they are assessed by a 

sensitivity analysis. The main contribution of the proposed 

design is the considerable reduction of the torque ripple in 

comparison to conventional BLDC motors. More importantly, 

this torque ripple reduction has no undesirable effect on the 

main characteristics especially the mean torque. Since the 

proposed design introduces a new rotor PM configuration, it is 

additionally compared with another recent design of the rotor 

PM structure, i.e. asymmetrical V-type structure. In any case, 

the results exhibit low torque ripple for the proposed BLDC 

motor. 
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I. INTRODUCTION 

Distributed model predictive control (DMPC) is one of the 

most appropriate and practical approaches for dealing with 

uncertain nonlinear large-scale systems, which are a major 

part of industrial systems. Linear DMPC approaches are 

divided into two categories in terms of how the subsystems 

interconnect with each other in the optimization process; 

cooperative and non-cooperative, both of which could be 

implemented in nonlinear large-scale systems [1]. In 

dual-mode DMPC methods, based on the displacement of the 

states from the origin, the DMPC algorithm changes from the 

linear algorithm to a nonlinear one or vice versa. When the 

states are in the neighborhood of the origin, the linear DMPC 

algorithm is applied and vice versa, when they are far from 

the origin, the nonlinear algorithm is applied. The main 

advantage of dual-mode methods is that the complexity is 

reduced in comparison with fully nonlinear algorithms. 

However, the main disadvantage of these methods is that the 

convergence time and the probability of errors in the 

optimization process are increased compared to fully linear or 

nonlinear methods [2]. Some large-scale systems require the 

coordination layer in their optimization process, depending 

on their control objectives and the interaction between their 

local controllers [3, 4, and 5]. The advantage of coordination 

based methods is that they allow full interconnection between 

subsystems. However, the disadvantages of these methods are 

that they add a layer to the design and increase the likelihood 

of optimization errors and also increase the complexity of the 

design. On the other hand, in some other large-scale systems, 

the mentioned goals are provided by alternative methods like 

the Gradient Projection method, without the need for a 

coordinator layer [6, 7]. The interconnections between local 

controllers could be considered as constraints in their 
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optimization process instead of applying the coordination 

layer. The advantage of this approach is that it is proper and 

applicable for weakly coupled large-scale systems [8, 9]. The 

most important concern in methods that use the coordination 

layer in the optimization process or methods that each 

subsystem computes its own optimal control separately and 

then dispatches to its neighboring subsystems is 

communication delay. Most of these methods take this 

communication delay as a constraint [10]. Robust DMPC 

approaches are useful for constrained large-scale systems. 

One of these robust approaches is designed based on the 

two-layer robust method. In this method, each local controller 

receives control information of its neighboring subsystems 

and calculates its own optimal control. In the first layer, the 

recursive feasibility of convergence of whole system states is 

presented. A robust DMPC algorithm is applied in the second 

layer [11, 12]. The main advantage of robust approaches is 

that the inherent constraints of the system can be considered 

and taken into account in the optimization process. However, 

the main disadvantages of these approaches are their high 

cost and long convergence time. The Sequential DMPC 

approach is another useful strategy for constrained nonlinear 

large-scale systems. In this strategy, each local controller 

computes its own optimal control and dispatches to its 

neighbors via the communication channel to obtain the global 

optimality [13, 14]. The coupling between subsystems can be 

invigorated and also sampling intervals can be larger via 

applying contraction theory in DMPC approaches [15, 16]. 

The main disadvantage of sequential approaches is that they 

increase the convergence time. 

DMPC approaches based on hierarchical strategy are 

practical methods for uncertain large-scale systems. These 

methods consider the inaccurate information of the actuators 

of the large-scale system and are designed at two levels. The 

faults of actuators are retrieved to retain the design 

specifications of all subsystems at the first level. The retrieval 

process is applied by enhancing the performance of the 

system at the second level. The developed hierarchical 

DMPC satisfies the retrieval design specifications by lower 

fault compensation. Thus, the cost is reduced in comparison 

with centralized and decentralized strategies [17, 18]. 

The linear and nonlinear constrained DMPC approaches 

could be applied to uncertain nonlinear large-scale systems. If 

a nonlinear large-scale system can be controlled using a 

linear distributed controller, it is rational to use linear 

methods because of their less complexity. The design 

complexity and cost in the linear DMPC approaches are less 

than nonlinear approaches [19, 20]. If the nonlinear 

large-scale system has a high degree of nonlinearity, then 

there may be limitations for applying the linear algorithms.  

The contribution of this paper is that a novel CDMPC 

algorithm is proposed which decreases the complexity of 

optimization, cost values, and convergence time. Moreover, 

two reconstructed linear algorithms are proposed based on 

Dynamic Matrix Control (DMC) and Generalized Predictive 

Control (GPC) methods to profit from the advantages of 

linear DMPC approaches to control the uncertain nonlinear 

large-scale systems. If the reference trajectory deviates too 

close to the equilibrium point then the nonlinear system could 

be controlled by linear algorithms. However, there are many 

nonlinear industrial plants with a high degree of nonlinearity 

which could not be controlled using linear algorithms like 

DMC. Moreover, if the reference trajectory deviates farther 

away from the equilibrium point, these plants may be 

unstable. These problems will be solved using the proposed 

cooperative distributed linear algorithms in this paper; 

Cooperative Distributed Extended Dynamic Matrix Control 

(CDEDMC) and Cooperative Distributed Adaptive 

Generalized Predictive Control (CDGPC).  

The remainder of the paper is organized as follows. In 

section 2, the problem statement for nonlinear interconnected 

large-scale systems is given. In section 3, the new 

cooperative optimization approach is proposed. The 

reconstructed distributed model predictive controllers are 

proposed in section 4. Section 5, presents the simulation 

results for a typical nonlinear large-scale system. Finally, 

concluding remarks are expressed in section 6. 

II. MATHEMATICAL MODEL OF NONLINEAR 

LARGE-SCALE SYSTEMS  

A typical nonlinear large-scale system is considered which 

consists of 𝑀  interconnected subsystems. The nonlinear 

dynamic of subsystem 𝑖  is described by the following 

input-output implementation: 

𝑦̇𝑖(𝑡) = 𝑓𝑖(𝑦𝑖 , 𝑢𝑖 , 𝑢𝑗), 𝑖 = 1,2,… ,𝑀 (1) 

where 𝑦𝑖 ∈ 𝑅𝑛𝑦𝑖  and 𝑢𝑖 ∈ 𝑅𝑛𝑢𝑖   present the vectors of 

outputs and inputs of subsystem 𝑖  respectively and 

𝑢𝑗(𝑡) (𝑗 = 1,2,… ,𝑀, 𝑗 ≠ 𝑖)  is the vector of inputs of the 

subsystem 𝑗  which is the neighboring subsystem of 

subsystem 𝑖. 𝑓𝑖  is a nonlinear Lipschitz function. The 𝑀 

sets of control inputs are constrained to be in 𝑀 convex sets, 

𝑈𝑖 ⊂ 𝑅𝑀𝑢𝑖 , 𝑖 = 1,… ,𝑀 which are expressed as: 

𝑈𝑖 = {𝑢𝑖 ∈ 𝑅𝑛𝑢𝑖 ∶  |𝑢𝑖| ≤ 𝑢𝑖
𝑀𝑎𝑥} (2) 

where 𝑢𝑖
𝑀𝑎𝑥 , 𝑖 = 1,… ,𝑀 are the magnitudes of constraints 

of the inputs. 

The continuous-time nonlinear model of subsystem 𝑖 in (1) 

is discretized by applying Euler derivative approximation 

with sampling time 𝑇𝑠:  

𝑦𝑖(𝑘 + 1) = 𝑔𝑖 (𝑦𝑖(𝑘), 𝑢𝑖(𝑘), 𝑢𝑗(𝑘)) , 𝑖 = 1,2,… ,𝑀 (3) 

where, 𝑔𝑖  is also a nonlinear function. In the present paper, a 

new cooperative optimization approach is proposed. 

Moreover, two reconstructed distributed linear constrained 

algorithms; CDEDMC and CDGPC, are proposed to employ 

the proposed cooperative optimization approach and control 

the nominal uncertain nonlinear large-scale system in (1). 
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III. PROPOSED COOPERATIVE OPTIMIZATION 

APPROACH 

According to the interconnection protocol of local 

controllers in large-scale systems, DMPC approaches are 

classified into two main categories, cooperative and 

non-cooperative. In cooperative methods unlike the 

non-cooperative ones, and in each local controller the global 

cost function, which is a combination of cost functions of all 

subsystems, is optimized to investigate the effect of each 

optimal control input on the whole system. In this approach, 

each control input is optimized in the corresponding local 

controller via optimizing the global cost function assuming 

that the control inputs of other subsystems are fixed to their 

optimal values of the previous iteration [1, 21]. The 

aforementioned global cost function is modified in the 

proposed CDMPC which is redefined as a convex 

combination of its own and its neighboring subsystems’ cost 

functions instead of all other subsystems’ cost functions. 

Therefore, the proposed CDMPC approach in this manuscript 

supposes that, if according to Equ. 1, two nominal 

subsystems are not neighbors to each other, then their local 

cost functions are not included in each other’s global cost 

functions. The complexity and computational burden of 

optimization are reduced using the proposed approach. The 

proposed CDMPC approach applies the following 

cooperative strategy: 

1. At time 𝑘 , all local controllers receive the 

information of the whole large-scale system in (3). 

2. At iteration 𝑐: 

2.1. Each subsystem 𝑖 computes its own future input 

vector 𝑈+𝑖
 along the assigned control horizon 

based on the input vectors of its neighboring 

subsystems which are fixed to their optimal vectors 

of previous iteration 𝑐 − 1. 

2.2. All neighboring subsystems dispatch their input 

vectors to each other and each local controller 𝑖 

computes the current iteration optimal vector 

𝑈𝑖
𝑂𝑝𝑡𝑐

. 

2.3. Based on receding horizon criteria, the current 

iteration optimal control 𝑢𝑖
𝑂𝑝𝑡𝑐

, is the first 

component of the current iteration optimal vector 

𝑈𝑖
𝑂𝑝𝑡𝑐

.  

3. If the termination error condition which is taken into 

account in the global cost function is satisfied, each 

subsystem 𝑖  exchanges its optimal control 𝑢𝑖
𝑂𝑝𝑡𝑐

 

to its actuators; if not satisfied, go back to step 2 and 

let 𝑐 + 1 → 𝑐. 

4. The models of subsystems are updated using 

achieved corresponding optimal controls. 

5. Whenever the control inputs of all local controllers 

are obtained, go back to the first step and let 𝑘 +

1 → 𝑘. 

The local controller 𝑖  solves the following proposed 

optimization problem at each iteration 𝑐: 

min
∆𝑢𝑖(𝑘),…,∆𝑢𝑖(𝑘+𝑚−1)

𝐽(𝑘) 

𝑈𝑖 = [∆𝑢𝑖(𝑘)… ∆𝑢𝑖(𝑘 + 𝑚 − 1)]𝑇 
(4) 

Subject to Equ. 3. 

𝑢𝑖(𝑘 + 𝑗) ∈ 𝑈𝑖 , 𝑗 = 0,… ,𝑚 − 1 (5) 

𝑈𝑙
𝑐 = 𝑈l

𝑐−1, ∀𝑙 ∈ 𝐿 𝑎𝑛𝑑 𝑙 ≠ 𝑖 (6) 

‖𝑦̂𝑖(𝜏) − 𝑊(𝜏)‖𝑄𝑖

2 ∈
𝑝

𝜏 − (𝑘 − 1)
𝑦𝑡 , 𝜏 ∈ [𝑘, 𝑘 + 𝑝] (7) 

with: 

𝐽(𝑘) = 𝛼𝑖𝐽𝑖 + ∑𝛼𝑙𝐽𝑙
𝑙

 (8) 

𝛼𝑖 , 𝛼𝑙 > 0, 𝛼𝑖 + ∑𝛼𝑙

𝑙

= 1 (9) 

and: 

𝐽𝑖(𝑘) = ∑[‖𝑦̂𝑖(𝑘 + 𝑗) − 𝑊(𝑘 + 𝑗)‖𝑄𝑖

2 ]

𝑝

𝑗=1

+ ∑‖∆𝑢𝑖(𝑘 + 𝑗 − 1)‖𝑅𝑖

2

𝑚

𝑗=1

 

 

 

 

(10) 

where 𝑚  and 𝑝  are control and prediction horizons 

respectively, 𝐿 ⊂ 𝑀 is the set of neighbors of subsystem 𝑖. 

Equ. 7, denotes the termination error condition in which 𝑦𝑡 

is the symmetric closed set in the neighborhood of origin. 

The termination error condition expresses that if the system is 

closed-loop stable, then the prediction error goes to zero. 

𝑦̂𝑖(𝑘 + 𝑗), 𝑗 = 1,… 𝑝 is the subsystem’s 𝑖 predicted output 

that in each linear MPC algorithm is computed via a special 

method. 𝑊 denotes the reference trajectory. 𝑄𝑖  and 𝑅𝑖 are 

positive definite diagonal weighting matrices of prediction 

errors and control inputs respectively. 𝐽(𝑘) is presented as a 

convex combination of cost functions subsystem 𝑖 and its 

neighbors with convenient 𝛼𝑖  and 𝛼𝑙  coefficients to obtain 

global optimality. 

IV. PROPOSED CONSTRAINED CDMPC 

APPROACHES 

The application of linear algorithms to control nonlinear 

systems has been proposed in many methods for two main 

reasons. First, according to experimental data, a linear system 

is much easier identified than a nonlinear system. Second, 

most practical nonlinear systems like liquid level control, 

pressure control, and temperature control of a furnace just 

have one equilibrium point, so they can be identified by an 

accurate linear first-order model, and then linear DMPCs can 

be employed to control the linearized system and determine 

the optimal controls of subsystems.  

In this manuscript, two reconstructed constrained 
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cooperative distributed linear algorithms; CDEDMC and 

CDGPC are proposed to control the nonlinear uncertain 

large-scale systems. These algorithms are distinguished via 

how the nonlinear model is applied in the optimization 

process. In CDEDMC the linearized version of the nominal 

nonlinear model is applied and the mismatch between 

linearized and nonlinear models is considered as a constraint 

and will be compensated. So the predicted outputs calculated 

via both models are similar to each other. The CDGPC 

algorithm identifies the numerator and denominator 

polynomials of the transfer function of the linearized model 

which indeed provides the nonlinear dynamics of the system. 

A. Proposed Constrained CDEDMC Approach 

In fact, EDMC is the extended version of the DMC 

algorithm that takes the nonlinear model into account, so this 

algorithm also uses the system’s step response to determine 

the predicted outputs similar to DMC [22]. 

The predicted output of the subsystem 𝑖  in distributed 

DMC algorithm is represented as follows: 

𝑦̂𝑖(𝑘 + 𝑗) = ∑ 𝑔𝑖𝑞∆𝑢𝑖(𝑘 + 𝑗 − 𝑞)

𝑁

𝑞=1

+ ∑ ∑ 𝑔𝑖𝑙𝑞∆𝑢𝑙(𝑘 + 𝑗 − 𝑞)

𝑁

𝑞=1𝑙

+ 𝑛̂𝑖(𝑘 + 𝑗), 𝑖 = 1,… ,𝑀, 𝑙 ∈ 𝐿, 𝑙 ≠ 𝑖 

 

 

 

(11) 

where 𝑔𝑖𝑞  and 𝑔𝑖𝑙𝑞  are the step responses coefficients of 

subsystem 𝑖 and its interconnected neighboring subsystem 𝑙, 

𝑁 is the model horizon, and ∆𝑢𝑖  and ∆𝑢𝑙  are the increment 

control inputs of subsystems 𝑖  and 𝑙  respectively. An 

integrator should be added to remove the steady-state error so 

increment of control inputs are used instead of control input 

in DMC and so in EDMC methods. 𝑛̂𝑖(𝑘 + 𝑗)  is the 

estimation of the future time disturbances assuming that 

disturbance and other signals of plant, until time 𝑗 , are 

presented. In distributed DMC, 𝑛̂𝑖(𝑘 + 𝑗) is considered as 

external disturbances applied to the system. Moreover, it is 

assumed that the future disturbance is constant along the 

prediction horizon and equal to the current disturbance 𝑛̂𝑖(𝑘). 

The disturbance is defined as the difference between 

measured and predicted outputs: 

𝑛̂𝑖(𝑘 + 𝑗) = 𝑛̂𝑖(𝑘) = 𝑦𝑚𝑖
(𝑘) − ∑𝑔𝑖𝑞∆𝑢𝑖(𝑘 − 𝑞)

𝑁

𝑞=1

− ∑∑𝑔𝑖𝑙𝑞∆𝑢𝑙(𝑘 − 𝑞)

𝑁

𝑞=1𝑙

 

 

 

 

(12) 

where the 𝑦𝑚𝑖
(𝑘) is the measured output. The cost function 

of subsystem 𝑖 in distributed DMC is: 

𝐽𝑖(𝑘) = ∑‖𝑦̂𝑖(𝑘 + 𝑗) − 𝑊(𝑘 + 𝑗)‖𝑄𝑖

2

𝑝

𝑗=1

+ ∑‖∆𝑢𝑖(𝑘 + 𝑗 − 1)‖𝑅𝑖

2

𝑚

𝑗=1

 

 

 

(13) 

and also the cost function is represented as the matrix form 

of: 

𝐽𝑖 = (𝑌𝑖 − 𝑊)𝑇𝑄𝑖(𝑌𝑖 − 𝑊) + 𝑈𝑖
𝑇𝑅𝑖𝑈𝑖  (14) 

in which elements of the 𝑌𝑖 are obtained using Equs. 11-12 

and series characteristics: 

𝑌𝑖 = 𝐺𝑖𝑈𝑖 + ∑𝐺𝑖𝑙𝑈𝑙

𝑙≠𝑖

+ 𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖 (15) 

𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖 = 𝐻𝑖𝑈−𝑖
+ ∑𝐻𝑖𝑙𝑈−𝑙

𝑙≠𝑖

+ 𝑦𝑚𝑖
𝐼𝑝×1 (16) 

where 𝑌𝑖 is the predicted outputs vector, 𝑈+𝑖
 and 𝑈+𝑙

 are 

the future control input vectors, and 𝑈−𝑖
 and 𝑈−𝑙

 are the 

determined past control input vectors of subsystems 𝑖 and 𝑙 

respectively. According to the cooperative optimization 

approach proposed in section 3 the future control inputs 

vector of neighboring subsystem 𝑙 in iteration 𝑐 is constant 

and equal to its latest optimal value. 𝐺𝑖,𝐺𝑖𝑙,𝐻𝑖, and 𝐻𝑖𝑙 are 

MPC matrices with appropriate dimensions: 

𝑌𝑖 = [
𝑦̂𝑖(𝑘 + 1)

⋮
𝑦̂𝑖(𝑘 + 𝑝)

] , 𝑈𝑖 = [
∆𝑢𝑖(𝑘)

⋮
∆𝑢𝑖(𝑘 + 𝑚 − 1)

] , 𝑈𝑙 = 𝑈𝑙
𝑐−1 

𝑈−𝑖
= [

∆𝑢𝑖(𝑘 − 1)
⋮

∆𝑢𝑖(𝑘 − 𝑁)
] , 𝑈−𝑙

= [
∆𝑢𝑙(𝑘 − 1)

⋮
∆𝑢𝑙(𝑘 − 𝑁)

] 

𝐺𝑖 = [

𝑔𝑖1 0
𝑔𝑖2 𝑔𝑖1

… 0
… 0

⋮ ⋮
𝑔𝑖𝑝 𝑔𝑖(𝑝−1)

⋱ ⋮
… 𝑔𝑖(𝑝−𝑚+1)

]

𝑝∗𝑚

 

𝐺𝑖𝑙 = [

𝑔𝑖𝑙1 0
𝑔𝑖𝑙2 𝑔𝑖𝑙1

… 0
… 0

⋮ ⋮
𝑔𝑖𝑙𝑝 𝑔𝑖𝑙(𝑝−1)

⋱ ⋮
… 𝑔𝑖𝑙(𝑝−𝑚+1)

]

𝑝∗𝑚

 

𝐻𝑖 = [

𝑔𝑖2 − 𝑔𝑖1 … 𝑔𝑖(𝑁+1) − 𝑔𝑖𝑁

⋮ ⋱ ⋮
𝑔𝑖(𝑝+1) − 𝑔𝑖1 … 𝑔𝑖(𝑁+𝑝) − 𝑔𝑖𝑁

]

𝑝∗𝑁

 

𝐻𝑖𝑙 = [

𝑔𝑖𝑙2 − 𝑔𝑖𝑙1 … 𝑔𝑖𝑙(𝑁+1) − 𝑔𝑖𝑙𝑁

⋮ ⋱ ⋮
𝑔𝑖𝑙(𝑝+1) − 𝑔𝑖𝑙1 … 𝑔𝑖𝑙(𝑁+𝑝) − 𝑔𝑖𝑙𝑁

]

𝑝∗𝑁

 

The closed-form solution of optimal future control inputs 

vector of subsystem 𝑖 could be analytically calculated by 

computing the following derivative equation: 

𝜕𝐽𝑖

𝑈𝑖

= 0 → 𝑈𝑖
𝑂𝑝𝑡 = (𝐺𝑖

𝑇𝑄𝑖𝐺𝑖 + 𝑅𝑖)
−1

𝐺𝑖
𝑇𝑄𝑖 (𝑊

− ∑𝐺𝑖𝑙𝑈𝑙

𝑙≠𝑖

− 𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖) 

 

 

 

(17) 

It should be noted that the linear DMPC algorithms could 

have any limitations, for example in a distributed DMC 

algorithm, it must be considered that the nominal nonlinear 

system should not be unstable [22]. 

In the EDMC algorithm the 𝑛̂𝑖(𝑘 + 𝑗) consists of two 

parts, one part is measurable or unmeasurable external 

disturbances similar to DMC, and the other part is the 
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disturbances due to the mismatch (uncertainty) between the 

linearized and nonlinear models which will be presented by 

mismatch disturbance matrix 𝐷𝑛𝑙𝑖
. The objective of the 

proposed CDEDMC algorithm is to compensate for this 

mismatch. 

In the proposed CDEDMC algorithm the disturbance 

matrix is added to the free response to compensate for the 

mismatch between linearized and nonlinear models. So the 

prediction vector of subsystem 𝑖 is reconstructed as: 

𝑌𝑖 = 𝐺𝑖𝑈𝑖 + ∑𝐺𝑖𝑙𝑈𝑙

𝑙≠𝑖

+ 𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖 + 𝐷𝑛𝑙𝑖
 (18) 

where 𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖 is presented in Equ. 16 and: 

𝐷𝑛𝑙𝑖
= [𝑑𝑛𝑙𝑖

(𝑘 + 1) 𝑑𝑛𝑙𝑖
(𝑘 + 2) ⋯ 𝑑𝑛𝑙𝑖

(𝑘 + 𝑝)]𝑇 

where 𝑑𝑛𝑙𝑖
∈ 𝑅

𝑛𝑑𝑛𝑙𝑖 . The mismatch between linearized and 

nonlinear models of all subsystems should be compensated. 

Thus, the following equation should be solved in which the 

predicted outputs of the linearized and nonlinear models must 

be equal to each other: 

𝑌𝑖
𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑧𝑒𝑑 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟

= 𝑌𝑖
𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟

 (19) 

The elements of 𝐷𝑛𝑙𝑖
 will be calculated via solving the 

Equ. 19, and so the mismatch will be compensated. The 

proposed CDEDMC algorithm solves the following 

optimization problem for subsystem 𝑖  at each iteration 

which has been established based on the novel cooperative 

optimization approach proposed in section 3. At the first step, 

the vector of future control inputs which was calculated using 

distributed DMC algorithm (Equ. 17) is defined as a function 

of mismatch disturbance matrix 𝐷𝑛𝑙𝑖
: 

𝑈𝑖(𝐷𝑛𝑙𝑖
) = (𝐺𝑖

𝑇𝑄𝑖𝐺𝑖 + 𝑅𝑖)
−1

𝐺𝑖
𝑇𝑄𝑖 (𝑊 − ∑𝐺𝑖𝑙U𝑙

𝑙≠𝑖

− 𝐹𝑟𝑒𝑒 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑖 − 𝐷𝑛𝑙𝑖
) 

 

 

 

(20) 

𝑚𝑖𝑛
𝐷𝑛𝑙𝑖 

𝐽(𝑘) , 𝑖 = 1,2, … ,𝑀 (21) 

Subject to Equ. 3, and Equ. 19. 

𝑢𝑖(𝑘 + 𝑗) ∈ 𝑈𝑖 , 𝑗 = 0,… ,𝑚 − 1 (22) 

𝑈𝑙
𝑐(𝐷𝑛𝑙𝑖

) = 𝑈l
𝑐−1(𝐷𝑛𝑙𝑖

), ∀𝑙 ∈ 𝐿 𝑎𝑛𝑑 𝑙 ≠ 𝑖 (23) 

‖𝑦̂𝑖(𝑘 + 𝑝) − 𝑦̂𝑁𝐿𝑖
(𝑘 + 𝑝)‖

𝑄𝑖

2
∈

𝑝

𝑘
𝑦𝑡 (24) 

with: 

𝐽(𝑘) = 𝛼𝑖𝐽𝑖 + ∑𝛼𝑙𝐽𝑙
𝑙

 (25) 

𝛼𝑖 , 𝛼𝑙 > 0, 𝛼𝑖 + ∑𝛼𝑙

𝑙

= 1 (26) 

and: 

𝐽𝑖(𝑘) = ∑[‖𝑦̂𝑖(𝑘 + 𝑗) − 𝑦̂𝑁𝐿𝑖
(𝑘 + 𝑗)‖

𝑄𝑖

2

𝑝

𝑗=1

+ ‖𝑑𝑛𝑙𝑖
(𝑘 + 𝑗)‖

𝑅𝑖

2
] 

(27) 

the cost function is represented as the matrix form of: 

𝐽𝑖 = (𝑌𝑖 − 𝑌𝑁𝐿𝑖
)
𝑇
𝑄𝑖(𝑌𝑖 − 𝑌𝑁𝐿𝑖

) + 𝐷𝑛𝑙𝑖
𝑇𝑅𝑖𝐷𝑛𝑙𝑖

 (28) 

where 𝑌𝑖  is defined in Equ. 18 and 𝑌𝑁𝐿𝑖
 is the nonlinear 

prediction vector: 

𝑌𝑁𝐿𝑖
= [𝑦̂𝑁𝐿𝑖

(𝑘 + 1) 𝑦̂𝑁𝐿𝑖
(𝑘 + 2) ⋯ 𝑦̂𝑁𝐿𝑖

(𝑘 + 𝑝)]𝑇 

By solving the optimization problem in Equs. 20-27, the 

mismatch between linearized and nonlinear models is 

compensated and the optimal control input trajectory 

𝑈𝑖
𝑂𝑝𝑡

(𝐷𝑛𝑙𝑖
) is obtained. The optimal control input is then 

calculated as: 

𝑢𝑖
𝑂𝑝𝑡(𝑘) = ∆𝑢𝑖

𝑂𝑝𝑡(𝑘) + 𝑢𝑖
𝑂𝑝𝑡(𝑘 − 1) (29) 

where according to receding horizon criteria the optimal 

increment control input ∆𝑢𝑖
𝑂𝑝𝑡(𝑘) is the first element of 

𝑈𝑖
𝑂𝑝𝑡

(𝐷𝑛𝑙𝑖
) . The order of 𝑈𝑖

𝑂𝑝𝑡
(𝐷𝑛𝑙𝑖

)  is 𝑚 × 1  and the 

order of nonlinear prediction vector 𝑌𝑁𝐿𝑖
 is 𝑝 × 1  so to 

calculate the 𝑢𝑖
𝑂𝑝𝑡  in the nonlinear prediction process in 

MATLAB, the control signal vector 𝑈+𝑖
(𝐷𝑛𝑙𝑖

) is considered 

as follows: 

𝑈𝑖(𝐷𝑛𝑙𝑖
) = [𝑈𝑖(𝐷𝑛𝑙𝑖

) 0(𝑝−𝑚)×1]𝑇 

where the 0(𝑝−𝑚)×1 is the zero-column matrix. 

In the proposed constrained CDEDMC algorithm, the 

mismatch between linearized and nonlinear models is 

compensated so if the reference trajectory moves farther 

away from the equilibrium point, the simulation results 

illustrate the desirable effect of this algorithm, while the 

system may be unstable using the distributed DMC algorithm. 

However, if the reference trajectory is farther away from the 

equilibrium point too much or the nonlinearity of the system 

is high, then the proposed CDEDMC algorithm will also lead 

to an unstable response. This problem will be completely 

solved by the following proposed constrained CDGPC 

method. 

B. Proposed Constrained CDGPC Approach 

The concept of the GPC algorithm is established based on 

the transfer function of the system [22]. The distinctive 

feature of this method is that it can be used in the 

non-minimum phase and unstable systems. The mismatch 

between linearized and nonlinear models is compensated via 

the online identification procedure in the proposed CDGPC 

approach. The denominator and numerator polynomials of the 

linearized model are identified using input and output 

information of the nonlinear large-scale system and an online 

RLS algorithm. The linearized model of each nonlinear 

subsystem is obtained using online identification in each time 

step and then by means of the identified numerator and 

denominator polynomials, free responses of nominal 

nonlinear subsystems, and GPC algorithm, the vector of 

optimal control inputs will be calculated using the proposed 

cooperative optimization approach in section 3. The obtained 

optimal control inputs are applied to the nonlinear system and 
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this procedure iterates in the next iteration. The free 

responses of nonlinear subsystems are yielded from their 

corresponding past information. 

Suppose that the linearized version of the nonlinear model 

of subsystem 𝑖  is identified as the following transfer 

function: 

𝑦𝑖(𝑘) =
𝐵𝑖𝑖

𝐼 (𝑧−1)

𝐴𝑖𝑖
𝐼 (𝑧−1)

𝑢𝑖(𝑘) + ∑
𝐵𝑖𝑙

𝐼 (𝑧−1)

𝐴𝑖𝑖
𝐼 (𝑧−1)

𝑢𝑙(𝑘)

𝑙≠𝑖

 (30) 

The CDGPC matrices will be calculated using the newly 

identified polynomials of the linearized model and finally, the 

optimal control input will be obtained using these new 

CDGPC matrices. The optimal controls will be achieved 

using the new CDGPC matrices which are obtained using the 

identified polynomials. The proposed CDGPC approach 

solves the following optimization problem at each iteration 

for subsystem 𝑖, which is established based on the proposed 

cooperative optimization approach in section 3: 

min
∆𝑢𝑖(𝑘),…,∆𝑢𝑖(𝑘+𝑚−1)

𝐽(𝑘) 

𝑈𝑖 = [∆𝑢𝑖(𝑘), … , ∆𝑢𝑖(𝑘 + 𝑚 − 1)]𝑇 
(31) 

Subject to Equ. 30 ∀𝑖 = 1,… ,𝑀 and 𝑙 ⊂ 𝐿, 𝑙 ≠ 𝑖. 

𝑢𝑖(𝑘 + 𝑗) ∈ 𝑈𝑖 , 𝑗 = 0,… ,𝑚 − 1 (32) 

𝑈𝑙
𝑐 = 𝑈𝑙

𝑐−1, ∀𝑙 ∈ 𝐿 𝑎𝑛𝑑 𝑙 ≠ 𝑖 (33) 

‖𝑦̂𝑖(𝑘 + 𝑝) − 𝑊(𝑘 + 𝑝)‖𝑄𝑖

2 ∈
𝑝

𝑘
𝑦𝑡 (34) 

with: 

𝐽(𝑘) = 𝛼𝑖𝐽𝑖 + ∑𝛼𝑙𝐽𝑙
𝑙

 (35) 

𝛼𝑖 , 𝛼𝑙 > 0, 𝛼𝑖 + ∑𝛼𝑙

𝑙

= 1 (36) 

and: 

𝐽𝑖(𝑘) = ∑‖𝑦̂𝑖(𝑘 + 𝑗) − 𝑊(𝑘 + 𝑗)‖𝑄𝑖

2

𝑝

𝑗=1

+ ∑‖∆𝑢𝑖(𝑘 + 𝑗 − 1)‖𝑅𝑖

2

𝑚

𝑗=1

 

(37) 

the cost function is represented as the following matrix form: 

𝐽𝑖 = (𝑌𝑖 − 𝑊)𝑇𝑄𝑖(𝑌𝑖 − 𝑊) + 𝑈𝑖
𝑇𝑅𝑖𝑈𝑖  (38) 

where the predicted output matrix is as follows: 

𝑌𝑖 = ∅𝑖
𝐼𝑌−𝑖

+ 𝜋𝑖
𝐼𝑈−𝑖

+ ∑ 𝜋𝑖𝑙
𝐼 𝑈−𝑙

𝑙≠𝑖

+ 𝛺𝑖
𝐼𝑈𝑖

+ ∑𝛺𝑖𝑙
𝐼 𝑈𝑙

𝑙≠𝑖

 

 

 

(39) 

The closed-form solution of the vector of optimal future 

control of subsystem 𝑖 could be analytically calculated by 

solving the following equation: 

𝜕𝐽𝑖
𝑈𝑖

= 0 → 𝑈𝑖
𝑂𝑝𝑡 = (𝛺𝑖

𝐼𝑇𝑄𝑖𝛺𝑖
𝐼 + 𝑅𝑖)

−1
𝐺𝑖

𝑇𝑄𝑖 (𝑊

− ∅𝑖
𝐼𝑌−𝑖

− 𝜋𝑖
𝐼𝑈−𝑖 − ∑𝜋𝑖𝑙

𝐼 𝑈−𝑙

𝑙≠𝑖

− ∑𝛺𝑖𝑙
𝐼 𝑈𝑙

𝑙≠𝑖

) 

 

 

 

 

 

(40) 

where: 

𝑌𝑖 = [
𝑦̂𝑖(𝑘 + 1)

⋮
𝑦̂𝑖(𝑘 + 𝑝)

]

𝑝×1

, 𝑌−𝑖
= [

𝑦𝑖(𝑘)
⋮

𝑦𝑖(𝑘 − 𝑛𝑎𝑖

𝐼 )
]

(𝑛𝑎𝑖
𝐼 +1)×1

 

𝑈𝑖 = [
∆𝑢𝑖(𝑘)

⋮
∆𝑢𝑖(𝑘 + 𝑚 − 1)

]

𝑚×1

, 𝑈𝑙 = 𝑈𝑙
𝑐−1 

𝑈−𝑖
= [

∆𝑢𝑖(𝑘 − 1)
⋮

∆𝑢𝑖(𝑘 − 𝑛𝑏𝑖

𝐼 )
]

𝑛𝑏
𝐼 ×1

, 𝑈−𝑙
= [

∆𝑢𝑙(𝑘 − 1)
⋮

∆𝑢𝑙(𝑘 − 𝑛𝑏𝑖𝑙

𝐼 )
] 

in which 𝑛𝑎𝑖

𝐼 , 𝑛𝑏𝑖

𝐼  and 𝑛𝑏𝑖𝑙

𝐼  are the orders of the 𝐴𝑖𝑖
𝐼 , 𝐵𝑖𝑖

𝐼  

and 𝐵𝑖𝑙
𝐼  identified polynomials respectively. 

The 𝑦̂𝑖(𝑘 + 𝑗), (𝑗 = 1,2,… 𝑝), is calculated using extended 

CARIMA and Diophantine equations via the following 

process and supposing that the time delay is zero: 

∆𝐴𝑖𝑖
𝐼 (𝑧−1)𝑦𝑖(𝑘) = [𝐵𝑖𝑖

𝐼 (𝑧−1)∆𝑢𝑖(𝑘 − 1)

+ ∑𝐵𝑖𝑙
𝐼 (𝑧−1)∆𝑢𝑙(𝑘 − 1)

𝑙≠𝑖

]

+ 𝐶𝑖
𝐼(𝑧−1)𝑒𝑖(𝑘) 

 

 

 

 

 

(41) 

1 = 𝐸𝑖
𝐼
𝑗
(𝑧−1)∆𝐴𝑖𝑖

𝐼 (𝑧−1) + 𝑧−𝑗𝐹𝑖
𝐼
𝑗
(𝑧−1) (42) 

where: 

𝐹𝑖
𝐼
𝑗
(𝑧−1) = 𝑓𝑖(𝑗,0)

+ 𝑓𝑖(𝑗,1)
𝑧−1 + ⋯+ 𝑓𝑖(𝑗,𝑛𝑎𝑖

𝐼 )
𝑧−𝑛𝑎𝑖

𝐼
 (43) 

𝐸𝑖
𝐼
𝑗
(𝑧−1) = 𝑒𝑖(𝑗,0)

+ 𝑒𝑖(𝑗,1)
𝑧−1 + ⋯+ 𝑒𝑖(𝑗,𝑗−1)

𝑧−(𝑗−1) (44) 

in which the coefficients of 𝐹𝑖
𝐼
𝑗
(𝑧−1)  and 𝐸𝑖

𝐼
𝑗
(𝑧−1)  are 

computed using the recursive procedure as follows: 

𝐹𝑖
𝐼
1

= 𝑧(1 − ∆𝐴𝑖𝑖
𝐼 (𝑧−1)) (45) 

𝐸𝑖
𝐼
1

= 1 (46) 

𝐸𝑖
𝐼
𝑗+1

(𝑧−1) = 𝐸𝑖
𝐼
𝑗
(𝑧−1) + 𝑓𝑖(𝑗,0)

𝑧−𝑗 (47) 

𝑓𝑖(𝑗+1,𝑞) = 𝑓𝑖(𝑗,𝑞+1) − 𝑓𝑖(𝑗,0) − 𝑓𝑗,0𝑎̃𝑖(𝑞+1) (48) 

where 𝑎̃𝑖(𝑞+1)
 (𝑞 = 0, 1,… , 𝑛𝑎𝑖

𝐼 ) are the coefficients of the 

∆𝐴𝑖𝑖
𝐼 (𝑧−1) polynomial. The future outputs are achieved using 

Equs. 41-42: 
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𝑦𝑖(𝑘 + 𝑗) = 𝐹𝑖
𝐼
𝑗
(𝑧−1)𝑦𝑖(𝑘)

+ 𝐸𝑖
𝐼
𝑗
(𝑧−1) [𝐵𝑖𝑖

𝐼 (𝑧−1)∆𝑢𝑖(𝑘 + 𝑗

− 1)

+ ∑𝐵𝑖𝑙
𝐼 (𝑧−1)∆𝑢𝑙(𝑘 + 𝑗 − 1)

𝑙≠𝑖

]

+ 𝐸𝑖
𝐼
𝑗
(𝑧−1)𝑒𝑖(𝑘 + 𝑗) 

 

 

 

 

 

(49) 

The appropriate estimation of prediction of 𝑦𝑖(𝑘 + 𝑗) is 

its average so we have: 

𝑦̂𝑖(𝑘 + 𝑗) = 𝐺𝑖
𝐼
𝑗
(𝑧−1)∆𝑢𝑖(𝑘 + 𝑗 − 1)

+ ∑𝐺𝑖𝑙
𝐼
𝑗
(𝑧−1)∆𝑢𝑙(𝑘 + 𝑗 − 1)

𝑙≠𝑖

+ 𝐹𝑖
𝐼
𝑗
(𝑧−1)𝑦𝑖(𝑘), 𝑗 = 1,… , 𝑝 

 

 

 

(50) 

𝐺𝑖
𝐼
𝑗
(𝑧−1) = 𝐵𝑖𝑖

𝐼 (𝑧−1)𝐸𝑖
𝐼
𝑗
(𝑧−1) (51) 

𝐺𝑖𝑙
𝐼
𝑗
(𝑧−1) = 𝐵𝑖𝑙

𝐼 (𝑧−1)𝐸𝑖
𝐼
𝑗
(𝑧−1) (52) 

Since the 𝑒𝑖(𝑘 + 𝑗) is the white Gaussian noise thus, its 

average is zero. The new CDGPC matrices in Equ. 39 are 

expressed as: 

∅𝑖
𝐼 = [

𝑓𝑖(1,0)
⋯ 𝑓𝑖(1,𝑛𝑎𝑖

𝐼 )

⋮ ⋱ ⋮
𝑓𝑖(𝑝,0)

⋯ 𝑓𝑖(𝑝,𝑛𝑎𝑖
𝐼 )

] 

𝜋𝑖
𝐼 = [

𝑔𝑖(1,1)
𝑔𝑖(1,2) ⋯ 𝑔𝑖(1,𝑛𝑏𝑖

𝐼 )

⋮ ⋮ ⋱ ⋮
𝑔𝑖(𝑝,𝑝) 𝑔𝑖(𝑝,𝑝+1) ⋯ 𝑔𝑖(𝑝,𝑛𝑏𝑖

𝐼 )

] 

𝜋𝑖𝑙
𝐼 = [

𝑔𝑖𝑙(1,1)
𝑔𝑖𝑙(1,2) ⋯ 𝑔𝑖𝑙(1,𝑛𝑏𝑖𝑙

𝐼 )

⋮ ⋮ ⋱ ⋮
𝑔𝑖𝑙(𝑝,𝑝)

𝑔𝑖𝑙(𝑝,𝑝+1) ⋯ 𝑔𝑖𝑙(𝑝,𝑛𝑏𝑖𝑙
𝐼 )

] 

𝛺𝑖
𝐼 =

[
 
 
 
 

𝑔𝑖(1,0) 0 0

𝑔𝑖(2,1) 𝑔𝑖(2,0) 0
⋯

0
0

⋮ ⋱ ⋮
𝑔𝑖(𝑝,𝑝−1)

𝑔𝑖(𝑝,𝑝−2)
… ⋯ 𝑔𝑖(𝑝,0)]

 
 
 
 

 

𝛺𝑖𝑙
𝐼 =

[
 
 
 
 

𝑔𝑖𝑙(1,0)
0 0

𝑔𝑖𝑙(2,1)
𝑔𝑖𝑙(2,0)

0
⋯

0
0

⋮ ⋱ ⋮
𝑔𝑖𝑙(𝑝,𝑝−1)

𝑔𝑖𝑙(𝑝,𝑝−2)
… ⋯ 𝑔𝑖𝑙(𝑝,0)]

 
 
 
 

 

where 𝑔𝑖(𝑗,𝑞)
 and 𝑔𝑖𝑙(𝑗,𝑞)

 (𝑗 = 1,2,… , 𝑝, 𝑞 = 1,2, … )  are 

the corresponding coefficients of the 𝐺𝑖
𝐼
𝑗
(𝑧−1)  and 

𝐺𝑖
𝐼
𝑗
(𝑧−1) polynomials respectively. 

V. SIMULATION RESULTS 

A typical nonlinear large-scale system consisting of three 

coupled subsystems is employed as following input-output 

models to investigate the proposed approaches: 

{

𝑦̇1(𝑡) = −𝑦1(𝑡) + 𝑦1(𝑡)
2 + 7𝑢1(𝑡) + 4𝑢2(𝑡)       

𝑦̇2(𝑡) = −3𝑦2(𝑡) + 2𝑦2(𝑡)
2 + 10𝑢2(𝑡) + 𝑢3(𝑡)

2

𝑦̇3(𝑡) = −2𝑦3(𝑡) + 𝑦3(𝑡)
2 + 2𝑢3(𝑡) + 𝑢2(𝑡)       

 

The subsystems are coupled through inputs. The 

discrete-time system could be obtained using the following 

Euler derivative approximation: 

𝑦̇𝑖(𝑡) = (𝑦𝑖(𝑘 + 1) − 𝑦𝑖(𝑘)) 𝑇𝑠⁄  

so the discrete-time system is concluded as: 

{

𝑦1(𝑘 + 1) = 𝑎1𝑦1(𝑘) + 0.1𝑦1(𝑘)2 + 0.7𝑢1(𝑘) + 0.4𝑢2(𝑘)

𝑦2(𝑘 + 1) = 𝑎2𝑦2(𝑘) + 0.2𝑦2(𝑘)2 + 𝑢2(𝑘) + 0.1𝑢3(𝑘)2    

𝑦3(𝑘 + 1) = 𝑎3𝑦3(𝑘) + 0.1𝑦3(𝑘)2 + 0.2𝑢3(𝑘) + 0.1𝑢2(𝑘)

 

where the sampling time is 𝑇𝑠 = 0.1 and: 

𝑎1 = 0.9, 𝑎2 = 0.7, 𝑎3 = 0.8 

The step responses of subsystems are drawn in Fig. 1. 

According to the step responses the subsystems’ settling 

times are approximately 6, 2, and 3 respectively. So the 

subsystems’ optimal model horizons are: 

𝑁 = (𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒) 𝑇𝑠⁄  →  𝑁1 = 60,𝑁2 = 20,𝑁3 = 30 

 
Fig. 1.  Step responses, subsystem 1 (solid line), subsystem 2 

(dash line), subsystem 3 (dash dot line). 

Note that in all simulations the subsystems’ model 

horizons are considered 𝑁1 = 60,𝑁2 = 20  and 𝑁3 = 30 

respectively and also the subsystems’ prediction and control 

horizons are considered 5 and 4 respectively. 

The following constraint is imposed to control inputs: 

−4 ≤ 𝑢𝑖 ≤ 4, 𝑖 = 1,2,3 

The reference trajectory is considered as the following 

equation: 

𝑊(𝑡) = 𝑔𝑊 ∗ {

0.01      0 ≤ 𝑡 < 2.5
0.02      2.5 ≤ 𝑡 < 5

−0.01      5 ≤ 𝑡 < 7.5
0          7.5 ≤ 𝑡 < 10

 

where the 𝑔𝑊 is the amplitude’s coefficient of the reference 

trajectory. In the first step of the simulation, we set the 

amplitude’s coefficient as 𝑔𝑊 = 10  to consider the 

reference trajectory a little farther away from the origin 

(equilibrium point). Therefore, the subsystems’ predicted 

outputs are illustrated in Figs. 2-4 using distributed DMC and 

proposed constrained CDEDMC and CDGPC algorithms 

respectively. 
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Fig. 2.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 10 and using cooperative distributed DMC 

algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3. 

 
Fig. 3.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 10 and using proposed constrained 

CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c) 

subsystem 3. 

 
Fig. 4.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 10 and using proposed constrained CDGPC 

algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3. 

Since in both CDEDMC and CDGPC algorithms the 

mismatch between linearized and nonlinear models is 

compensated, it is expected to obtain appropriate responses. 

The illustrated predicted output curves in Figs. 3-4 confirm 

this from design criteria points of view such as convergence, 

reference trajectory’s tracking and stability. However, even 

though the reference trajectory is not too far from the origin, 

according to Fig. 2, the system has become unstable using the 

distributed DMC algorithm. 

To further emphasize the effectiveness of proposed 

constrained CDEDMC and CDGPC algorithms and compare 

them to each other, the reference trajectory’s amplitude is 

gradually increased; 𝑔𝑊 = 50, 80,110, and simulation results 

are shown in Figs. 5-10. 

 
Fig. 5.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 50 and using proposed constrained 

CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c) 

subsystem 3. 

 
Fig. 6.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 50 and using proposed constrained CDGPC 

algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3. 
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Fig. 7.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 80 and using proposed constrained 

CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c) 

subsystem 3. 

 
Fig. 8.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 80 and using proposed constrained CDGPC 

algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3. 

 
Fig. 9. The predicted outputs of the nonlinear large-scale system 

with 𝑔𝑊 = 110 and using proposed constrained CDEDMC 

algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3. 

 
Fig. 10.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 110 and using proposed constrained 

CDGPC algorithm. (a) Subsystem 1; (b) subsystem 2; (c) 

subsystem 3. 

when the amplitude’s coefficient is 𝑔𝑊 = 50 , both 

methods have proper responses according to results in Figs. 

5-6, however, according to Fig. 7 by increasing the 𝑔𝑊 to 

80 some fluctuations appear when the CDEDMC is applied, 

while based on illustrated results in Fig. 8, the CDGPC shows 

appropriate predictions. The initial overshoots or undershoots 

in CDGPC’s results are due to its online identification of the 

mismatch between linearized and nominal nonlinear models, 

and after a short time that the identification of the linearized 

system’s numerator and denominator polynomials is done, 

the response becomes convergent. The usefulness of the 

proposed constrained CDGPC algorithm is more 

demonstrated when the reference trajectory is too farther 

away from the origin, hence to investigate this issue the 

amplitude’s coefficient of the reference is increased to 𝑔𝑊 =

110 and the simulation results are drawn in Figs. 9-10 using 

proposed constrained CDEDMC and CDGPC algorithms 

respectively. According to Fig. 9, the system has become 

unstable using the DEDMC algorithm, while based on 

illustrated results in Fig. 10, the CDGPC shows appropriate 

predictions and the closed-loop system is stable. 

Now the proposed approaches are examined when 

uncertainty is applied. Assuming that in the fourth second of 

simulation, 𝑎1, 𝑎2 and 𝑎3 change as: 

𝑎1
𝑛𝑒𝑤 = 𝑎2

𝑛𝑒𝑤 = 𝑎1
𝑛𝑒𝑤 = 0.4 

The simulation results are depicted in Figs. 11-12 with 

𝑔𝑊 = 50 . The results emphasize the effectiveness of 

proposed algorithms in dealing with uncertainty. Although 

the responses fluctuate when the uncertainties are imposed, 

they quickly converge. 
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Fig. 11. The predicted outputs of the nonlinear large-scale 

system with imposed uncertainties and 𝑔𝑊 = 50 and using 

proposed constrained CDEDMC algorithm. (a) Subsystem 1; (b) 

subsystem 2; (c) subsystem 3. 

 
Fig. 12. The predicted outputs of the nonlinear large-scale 

system with imposed uncertainties and 𝑔𝑊 = 50 and using 

proposed constrained CDGPC algorithm. (a) Subsystem 1; (b) 

subsystem 2; (c) subsystem 3. 

All the above-mentioned results are yielded using the novel 

cooperative optimization approach proposed in section 3 

where each subsystem optimizes a corresponding global cost 

function which is a convex combination of its cost function 

and cost functions of its neighbors. For example in the 

large-scale system which is analyzed in this section, 

subsystem 1 is neighbor to subsystem 2, but not to subsystem 

3. Therefore, according to the proposed optimization 

approach, the global cost function, which is optimized in the 

local controller of subsystem 1 is represented as follows: 

𝐽 = 𝛼1𝐽1 + 𝛼2𝐽2, 𝛼1 + 𝛼2 = 1 

while according to typical cooperative DMPC methods, the 

global cost function is defined based on all three subsystems 

[1, 21]:           𝐽 = 𝐽1 + 𝐽2 + 𝐽3 

So the control efforts, cost function values, and 

convergence time are reduced using the proposed cooperative 

optimization approach. These criteria are examined by means 

of the following simulation results in which the proposed 

optimization approach and the DGPC algorithm are used. The 

cost function values of the local controllers of the nonlinear 

large-scale system with the mentioned imposed uncertainties 

are illustrated in Figs. 13-15 respectively with 𝑔𝑊 = 50 and 

applying typical [1, 21] and proposed cooperative 

optimization strategies. It is cleared that the cost function 

values have decreased in the proposed cooperative 

optimization approach compared to the typical one. 

 
Fig. 13. The cost function values of the local controller of the 

uncertain subsystem 1 with 𝑔𝑊 = 50 and using typical (dash 

line) and proposed (solid line) cooperative optimization 

strategies. 

 
Fig. 14. The cost function values of the local controller of the 

uncertain subsystem 2 with 𝑔𝑊 = 50 and using typical (dash 

line) and proposed (solid line) cooperative optimization 

strategies. 

 
Fig. 15. The cost function values of the local controller of the 

uncertain subsystem 3 with 𝑔𝑊 = 50 and using typical (dash 

line) and proposed (solid line) cooperative optimization 

strategies. 
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To further investigate and clarify the performance and 

effectiveness of the proposed cooperative optimization 

approach, besides the comparison of the cost function values 

in Figs. 13-15, additional indicators including maximum, 

average, and standard deviation of cost function values are 

also calculated and collected in the following tables [23, 24]. 

 

TABLE I 

Maximum, Average And Standard Deviation Indicators Of 

Cost Function Values Of Subsystem 1 

Subsystem 1 Max Avg Std 

Proposed cooperative 

optimization strategy 
12.3619 0.8072 2.0687 

Typical cooperative 

optimization strategy 
18.7688 0.9912 2.8268 

 

 

TABLE II 

Maximum, Average And Standard Deviation Indicators Of 

Cost Function Values Of Subsystem 2 

Subsystem 2 Max Avg Std 

Proposed cooperative 

optimization strategy 
2.4535 0.3947 0.45 

Typical cooperative 

optimization strategy 
3.7308 0.5011 0.64 

 

 

TABLE III 
Maximum, Average And Standard Deviation Indicators Of 

Cost Function Values Of Subsystem 3 

Subsystem 3 Max Avg Std 

Proposed cooperative 

optimization strategy 
2.6338 0.3152 0.4367 

Typical cooperative 

optimization strategy 
6.0683 0.7612 1.0638 

 

According to the values of indicators in Table 1-3, it is 

clear that all three maximum, average, and standard deviation 

of cost function values are decreased in the proposed 

cooperative optimization approach compared to the typical 

one. 

Fig. 16, illustrates the predicted outputs of the nonlinear 

large-scale system without uncertainty, which are obtained 

using a typical cooperative optimization approach in [1, 21] 

and DGPC algorithm with 𝑔𝑊 = 50 , and also Fig. 6, 

illustrates the predicted outputs of the nonlinear large-scale 

system without uncertainty using the proposed cooperative 

optimization approach in this paper and DGPC algorithm 

with 𝑔𝑊 = 50. By comparing the results in Fig. 6 and Fig. 

16, it is concluded that the time and quality of convergence 

have improved in the proposed constrained CDGPC (Fig. 6) 

compared to the typical one in [1, 21] (Fig. 16). 

 
Fig. 16.  The predicted outputs of the nonlinear large-scale 

system with 𝑔𝑊 = 50 and using typical CDGPC algorithm. (a) 

Subsystem 1; (b) subsystem 2; (c) subsystem 3. 

VI. CONCLUSION 

In this manuscript, a novel cooperative DMPC approach 

is proposed which improves the global cost function. Each 

local controller optimizes the global cost function which is 

a convex combination of its own and its neighbors’ cost 

functions instead of the combination of its own and all 

other subsystems’ cost functions. So the computational 

burden of optimization, cost values, and convergence time 

are reduced compared to typical cooperative DMPC 

methods. Two linear cooperative constrained distributed 

model predictive controllers; CDEDMC and CDGPC are 

proposed which employ the proposed cooperative 

optimization approach to control the uncertain nonlinear 

large-scale systems. The simulation results of an uncertain 

nonlinear large-scale system consisting of three 

interconnected subsystems demonstrate the effectiveness 

of the proposed approaches. According to simulation 

results, typical distributed linear algorithms like DMC 

lead to an unstable closed-loop response if the reference 

trajectory is far from the equilibrium point, while this 

problem is solved using proposed CDEDMC and CDGPC 

algorithms even if the reference trajectory is too far from 

the equilibrium point. 
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Finding effective solutions to enhance the process of electric vehicle charging has been the main subject of numerous 

studies. This paper presents a novel bidirectional multiport rectifier that can be used as a wall-box converter that is 

installed in the parking lot of smart buildings and is capable of providing DC-link for local DC loads, such as DC home 

appliances and charge connected EV, simultaneously. The proposed converter is capable of working in 

G2H/G2VH/V2H/V2G modes, enabling the utility grid and costumers to use the EV as a mobile power source and reactive 

power compensator. A control method is also presented that enables the converter to control active and reactive power 

according to the smart grid or customer processed commands. To validate the features of the proposed converter, it is 

simulated in MATLAB/SIMULINK and the results are analyzed. A reduced-scale experimental setup of the proposed 

converter is built and tested, and the experimental results confirm the simulation ones.  
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I. INTRODUCTION 

The use of different types of electric vehicles (EVs) is an 

effective solution for increasing environmental problems, 

such as greenhouse emissions, because of its enormous 

impact on the reduction of massive oil consumption in the 

transportation sector [1-3]. This has caused a significant rise 

in EVs usage. The pervasiveness of EVs and their charging 

needs have caused extensive concerns about their probable 

effects on the grid [4]. These concerns have led designers and 

researchers to consider controllable chargers (in terms of 

power factor (PF)) with low total harmonic distortion (THD) 

to confirm international standards [5].  

Besides all the aforementioned adverse effects of the EVs, 

the increasing deployment of these cars have opened up 

several opportunities for users and smart grids [6-8]. The 

batteries of EVs have enabled them to work as mobile power 

sources that can retune their extra stored energy to the grid or 

suitable load [9-11]. Using appropriate topologies for EV 

chargers enables them to work in Vehicle-to-Grid (V2G) 

mode in which active power flows from EV to the grid, in 

addition to the traditional Grid-to-Vehicle (G2V) mode. A 

massive number of parked EVs with surplus stored energy 

provides an opportunity for smart grids to use them for peak 

shaving purposes. Additionally, EVs can be used as auxiliary 

power sources to handle AC and DC home appliances to 

reduce grid energy consumption, or as a backup generator 

during power outages [12, 13]. EVs can also be used as 

reactive power compensators that are located near loads and 

inject reactive power to the power grid [14, 15]. An 

appropriate topology is, however, required for chargers to 

allow grasping all these opportunities. 

On the other hand, several benefits of a DC power 

distribution system (DC PDS), such as the absence of reactive 
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power and skin effect, which cause a rise in system efficiency 

and the reduction of the number of AC-DC converters, make 

that as a predictable future of PDS. Additionally, the 

flexibility and high efficiency provided by recent advances in 

power electronics and control methods have made it possible 

to integrate and merge different DC renewable energy 

sources efficiently in DC PDSs, primarily residential DC 

PDSs with undeniable increasing DC load demand due to DC 

home appliances [16-19]. The operation of EVs’ chargers in 

different modes and applying their capabilities, such as 

operating as a mobile power source, is more efficient and 

more accessible in DC PDSs. In these systems, using 

renewable energies to charge EVs, handling DC home 

appliances, or returning the battery stored energy to the home 

or grid can be done quickly and efficiently. A very effective 

solution for increasing the entire system efficiency is to 

merge various power converters. AC-DC converters utilized 

for feeding home DC-Bus and chargers used for EVs are two 

types of conventional power converters that can be merged.  

Although several converters in charging and rectification 

applications have already been introduced in previous studies, 

few works have focused on designing an appropriate 

topology for a converter capable of charging EVs’ battery 

and providing a home DC-Bus simultaneously. The isolated 

bidirectional AC-DC converter introduced in [19] can be used 

only as a rectifier to feed the home DC-bus and charging the 

battery is not considered for that. The bidirectional chargers 

proposed in [20-22] can charge EV battery and return battery 

energy to the grid and household loads. Though they have 

several advantages because of their topologies, they cannot 

provide any DC-bus, so handling DC loads in V2H mode 

requires another AC-DC converter which may decrease 

system efficiency. The multiport converter proposed in [23] 

is suitable for integrating EVs in smart parking lots, but they 

can work only as a DC-DC converter and cannot rectify AC 

grid voltage. All high-performance converters introduced in 

[5, 24-27] can only charge the connected battery and cannot 

provide DC-bus for home applications simultaneously. The 

buck-boost rectifier presented in [28] can provide residential 

DC-link and cannot charge any EV simultaneously. In [29], a 

bidirectional rectifier is proposed that can provide two or 

more outputs. Although it can charge the battery and provide 

DC-bus simultaneously, the proposed converter cannot work 

in the V2H mode. 

This paper presents a novel bidirectional multiport rectifier 

that can be installed in the parking lot of smart buildings and 

is capable of providing DC-bus for DC loads such as lighting 

systems, air conditioning systems, and charging connected 

EV batteries simultaneously. As illustrated in Fig. 1(a), the 

proposed converter can work in four operating modes 

according to the customer requirements and utility grid 

conditions. Working as a rectifier to feed DC-bus (G2H; 

Mode 1), feeding home DC loads and charging connected EV 

simultaneously (G2VH; Mode 2), handling DC loads during 

power outages by the stored energy of battery (V2H; Mode 3), 

and returning stored energy of batteries to the grid for peak 

shaving during peak hours (V2G; Mode 4) are the operating 

modes of the proposed converter. By adopting the control 

method introduced in this paper, the exchanged active and 

reactive power between the grid and the converter can be 

controlled according to the smart grid processed commands 

or costumer requirements, which enables it to be controlled 

during peak hours and operate as a reactive power 

compensator that is located very close to the loads. This 

ability not only causes a reduction in installation and 

maintenance costs of different reactive power compensators, 

such as capacitor banks or static synchronous compensators, 

but it also has no effect on battery performance. 

II. ANALYSIS OF THE PROPOSED CONVERTER 

A. Configuration 

The structure of the presented converter is depicted in 

Fig.1(b). This two-stage converter consists of an AC-DC 

stage, as the primary stage, and a DC-DC stage, as the 

secondary stage. The primary stage includes an AC-DC 

H-bridge and a DC-link capacitor. Due to the introduced 

switching pattern, the switches of the left leg (SP1 and SP2) 

have a high-frequency operation and switches of the right leg 

(SP3 and SP4) are OFF or operate with grid frequency 

depending on the selected operating mode. The secondary 

stage is a three-port DC-DC converter that has the capability 

of working in different operating modes according to the 

status of the relays.  

 

B. Operation Principle and Steady-State Analysis 

The operation of each stage of the proposed converter 

depends upon the converter’s operating mode that can be 

selected by the customer. The primary stage has the same 

operation in the two first modes (G2H and G2VH). In these 

modes, the primary stage rectifies the grid voltage with a 

changeable power factor, thanks to the control strategy 

introduced in section IV. In the third mode (V2H), the 

primary stage does not have any function and in the fourth 

mode (V2G), it works as a single-phase full-bridge inverter 

and delivers the stored energy of PEV’s battery to the grid. 

The analysis of the converter is presented below in detail. 

 

1- Mode1 (G2H) 

 Primary Stage 

As already mentioned, rectifying and boosting the grid 

voltage and controlling active and reactive power depending 

on the smart grid’s commands or the customer’s requirements 

are the tasks of the primary stage during this mode. As shown 

in Fig. 2, due to the selected high-efficiency switching 

method [30], in each half cycle of the grid voltage, the 
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switching cycle is divided into two states. It is worth 

mentioning that only SP1 and SP2 have a high-frequency 

operation and SP3 and SP4 are OFF.  
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Fig.1. (a) The operating modes and (b) topology of the proposed 

converter 

Vg>0: In the first state (0<t<DTs), the LP is magnetized by 

(Vg) via the path provided by SP2 and DP4 [Fig. 2(a)]. In the 

next state (DTs<t<Ts), SP2 is turned OFF, so CP is charged by 

the energy of LP and the grid [Fig. 2(b)]. 

 

Vg<0: In this condition, as shown in Fig. 2(c)-(d), SP1 has 

a high-frequency operation. First, SP1 is ON, so LP is 

magnetized by (-Vg) via DP3 and SP1 path [Fig. 2(c)]. Then, 

SP1 is turned OFF, so CP is charged and LP is demagnetized 

[Fig. 2(d)]. 

The voltage of LP is obtained in the positive cycle of grid 

voltage by Eq. (1): 

                          

           

0Lp g s

Lp g DC s s

V V t DT

V V V DT t T

  


   

 

(1) 

By applying the volt-sec balance law, the voltage gain of 

the boost rectifier can be achieved by Eq. (2): 

1

1

DC

g

V

V D




 
(2) 

 Secondary Stage 

In this mode, the DC-DC stage can work as a buck and 

boost converter and control the Vo voltage according to Vo 

reference. When the converter is operated in this mode, 

relay1 is turned ON and relays 2 and 3 are turned OFF.  
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Fig.2. The operation states of the primary stage during mode 1 and 

mode 2 (a)-(b) Vg>0 (c)-(d) Vg<0 
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Fig.3. The operation states of the secondary stage during mode 1 

(a)-(b) Buck (c)-(d) Boost 

 

A- Buck 

SS3, Ls, and DS1 are the main components of the secondary 

stage in the buck condition. The switches SS1 and SS2 are OFF 

in this condition. 

State 1 (0<t<DTs): In this state, SS3 is ON, so DS1 is 

reversely biased and Ls is magnetized with (VDC-Vo) 

[Fig.3(a)]. 

State 2 (DTs<t<Ts): at t=DTs the SS3 is turned OFF, so DS1 

is directly biased. Ls is demagnetized with (–Vo) and Cs is 
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charged [Fig. 3(b)].  

As depicted in Fig. 3(a)-(b), the voltage and current of Ls 

and Cs are obtained as follows: 
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V V V t DT
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(4) 

The volt-sec principle can be written as: 

   
0

1
0

DTs Ts

DC o o
DTss

V V dt V dt
T

    
     

(5) 

So, the voltage gain is obtained by: 

O

DC

V
D

V
  

(6) 

And the average of Ls current is calculated by: 

Ls
Po

i
Vo

  
(7) 

 

B- Boost 
In the boost condition, SS2 and SS3 are ON and SS1 has a 

high-frequency operation. As depicted in Fig. 3(c)-(d), the 

operation of this stage is divided into two states in this mode. 

State 1 (0<t<DTs): In this state, SS1 is ON, so DS3 is 

reversely biased and Ls is magnetized with (VDC) [Fig. 3(c)]. 

Since SS2 is ON, the DS2 is reversely biased. 

State 2 (DTs<t<Ts): at t=DTs, the SS1 is turned OFF, so 

DS3 is directly biased. Ls is demagnetized with (VDC – Vout) 

and Cs is charged [Fig. 3(d)].  

The voltage and current of Ls and Cs are obtained as 

follows: 
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(9) 

The volt-sec balance can be written as: 

   
0

1
0

DTs Ts

DC DC o
DTss

V dt V V dt
T
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(10) 

 

So, voltage gain can be obtained from: 

1

1

O

DC

V

V D



 

(11) 

And the average of Ls current is calculated as: 

1

1
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


 

(12) 

 

2- Mode 2 (G2VH) 

 Primary Stage 

The operation of this stage in the second mode is exactly 

similar to the first mode and rectifies grid voltage [Fig. 2]. 

 

 Secondary Stage 

In the G2VH mode, the switches of the secondary stage are 

controlled so as to feed the DC load and charge the connected 

battery simultaneously. Like the G2H mode, when the 

converter is operated in the G2VH mode, SS3 and relay 1 are 

turned ON, and relays 2 and 3 are turned OFF. The switching 

cycle is divided into three states: 

 

State1 (0<t<D1Ts): In this time interval, both SS1 and SS2 

are ON, so DS2 and DS3 are reversely biased. LS is magnetized 

with VDC [Fig. 4(a)]. 

 

State 2 (D1Ts<t<D2Ts): at t=D1Ts, SS2 is turned OFF and 

DS2 is directly biased and the battery is consequently charged. 

LS keeps charging with (VDC-VB). Until t=D2Ts, the CS 

handles the DC load [Fig. 4(b)]. 

 

State 3 (D2Ts<t<Ts): at the beginning of this time interval, 

SS1 is turned OFF, so DS3 is directly biased, and LS is 

demagnetized via DS3 and CS path [Fig. 4(c)].  
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Fig.4. the operation states of the secondary stage during 

mode2 

 

The voltage and current of LS and CS are obtained as 

follows: 



International Journal of Industrial Electronics, Control and Optimization .© 2021  IECO… 103 

 

                            1

                1 2

                2

0Ls DC s

Ls DC B s s

Ls DC o s

V V t D T

V V V D T t D T

V V V D T t Ts

  


   
    

 

(13) 

                   1

                  1 2

          2

0
o

CS s

o

o
CS s s

o

o
CS Ls s s

o

P
i t D T

V

P
i D T t D T

V

P
i i D T t T

V


   




   



   


 

(14) 

The pertinent equation for the volt-sec balance can be 

written as follows: 

     
1 2
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(15) 

The output voltage (VO) of mode 2 can be calculated using 

Eq. (16): 
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(16) 

By applying the current-sec principle on CS, the average 

current of LS is obtained as: 

2
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D Vo



 

(17) 

 

3- Mode 3 (V2H) 

Transferring the battery’s stored energy to DC load is the 

task of the proposed converter in this mode. By turning OFF 

the SS3 and relay 3 and also turning ON the relays 1 and 2, the 

converter receives the power from the battery and is 

disconnected from the primary stage. So, the primary stage 

does not have any task in this mode. 

 

 Secondary Stage 

In this mode, SS2 is ON and only SS1 has a high-frequency 

operation.  

State 1 (0<t<DTs): in this time interval, SS1 is ON, so LS is 

magnetized with (VB) [Fig. 5(a)]. 

State 2 (DTs<t<Ts): at the beginning of this time interval, 

SS1 is turned OFF, so DS3 is directly biased, and LS is 

demagnetized by (VB - VO) [Fig. 5(b)]. 

The voltage across LS in mode 3 is determined by the 

following equations: 
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The LS volt-sec principle can be written as: 
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So, the voltage gain is be obtained by: 
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Fig. 5. The operation states of the secondary stage during 

(a)-(b) mode 3 (c)-(d) mode 4 

 

4- Mode 4 (V2G): 

In this mode, the converter delivers the battery’s stored 

energy to the grid with controllable active and reactive power. 

First, the DC-DC stage regulates the battery voltage 

according to VDC,ref. Then, the AC-DC stage works as a 

single-phase full-bridge inverter and inverts the DC voltage 

of DC-link to AC. So, in this part, the DC-DC stage is 

analyzed before the AC-DC stage. 

 
 Secondary Stage 

The operation of the DC-DC stage in this stage is similar to 

mode 3 with a minor difference. In this mode, relays 2 and 3 

are turned ON, and relay 1 is turned OFF, so the secondary 

stage charges CP instead of CS. 

State 1 (0<t<DTs): in this time interval, SS1 is ON, so LS is 

magnetized by (VB) [Fig. 5(c)]. 

 

State 2 (DTs<t<Ts): at t=DTs, the SS1 is turned OFF, so 

DS3 is directly biased, and since R1 is ON, LS is 

demagnetized by (VB - VDC) [Fig. 5(d)]. 

 

The Ls volt-sec balance law can be written as: 
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And voltage gain is obtained by: 
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 Primary Stage 
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In this mode, the primary stage works as a single-phase 

full-bridge inverter that inverts the DC voltage of the DC-link 

to AC with controllable active and reactive power according 

to the smart grid commands or customer. Similar to the G2H 

and G2VH modes, the switching pattern of this stage depends 

on the grid voltage sign. The switching states and current 

paths are shown in Fig. 6.  

The voltage of LP is obtained by Eq. (23): 

          

                    

0Lp DC g s

Lp g s s

V V V t DT

V V DT t T

   


   

 

(23) 

By applying the volt-sec balance law, the voltage gain of 

the buck inverter can be estimated by Eq. (24): 

g

DC

V
D

V
  

(24) 

C. Design Considerations 

 LP 

The analysis of the LP’s current ripple during inductor 

magnetizing time (kTs < t < D(k+1)Ts) is the key to 

calculating the required inductor value. The LP’s current 

ripple can be written as Eq. (25):  

PL s
g

P

V D T
i

L

 
   

(25) 

By using KVL during inductor magnetizing time, the 

inductor voltage is achieved as: 

PL gV V  (26) 

By substituting the voltage gain of boost rectifier (27) into 

(26), the LP’s current ripple is obtained as Eq. (28): 

(1 )g DCV D V    (27) 

(1 )DC
g

P s

V D D
i

L f

  
 


 

(28) 

The worst case in calculating LP is related to the maximum 

value of (D(1-D)), which is 0.25, so the LP’s value can be 

obtained by using Eq. (30):  

( (1 )) 0.25Max D D   (29) 

4

DC
P

g s

V
L

i f


 
 

(30) 
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Fig. 6. The operation states of the primary stage during mode4 

(a)-(b) Vg>0 (c)-(d) Vg<0 

 CDC 

Handling constant-power loads from a single-phase power 

grid needs an intermediary device, which is named CP in this 

converter. Having appropriate voltage and current in each 

output ports in terms of ripple depends on the suitable 

DC-link capacitor (CP). The DC-link voltage has two terms:  

DC DCDCv V v    (31) 

where DCV and DCv are the average value and oscillating 

amplitude of DC-link voltage, respectively. The energy of CP 

can be calculated as follows:  

21

2
DCPC v pdt     

(32) 

where p is the oscillating value of the instantaneous power: 

2 cos(2 )p VI t    (33) 

By substituting Eq. (33) into Eq. (32), the required value of 

CP is obtained as: 

2

DC

g g
P

DC

V I
C

v V



 

(34) 

 LS 

The DC-DC stage operation in the CCM condition depends 

on the LS value, which can be calculated as follows: 

2
3

min
( )DC o o

S

out S

D V V V
L

P f


  

(35) 

 Cf and Lf 

To design an effective input filter, the maximum value of the 
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capacitor of the filter can be obtained as: 

max
max

2
tan( ) tan( )

m
f

m L m g

I P
C

V V V
 

 
   

(36) 

where mV and mI  are the peak values of the grid voltage 

and input current, respectively.   is the displacement angle 

between the grid voltage and input current, respectively [31]. 

The required inductive component (Lreq) can be calculated by 

using Eq. (37): 

2
2

2 2

1 1
4 10

4

g
f req g req

c f L out

V
L L L L

f C P 

   
          

   

 

(37) 

where cf is the cut-off frequency and Lg is the grid 

impedance, which is considered 4-5% of the base impedance 

[32]. 

 

D. Efficiency Analysis 

To analyze the efficiency of the proposed converter, the 

parasitic resistance of different components should be 

considered in addition to the threshold voltage of diodes. RLp 

and RLs are the equivalent series resistance (ESR) of the 

primary and secondary inductors, respectively. The primary 

and secondary stage diodes forward resistance are RFDpi and 

RFDsi, respectively, with VFDpi and VFDsi threshold voltages. 

Similarly, rDSpi and rDSsi are the primary and secondary 

switches ON-state resistance. ESR of the capacitors is 

assumed to be rcp and rcs. It is worth mentioning that the 

efficiency analysis is done in mode 2, which contains the 

most parasitic resistance counts.  

The conduction losses of inductors can be calculated by using 

the RMS currents of inductors and their ESR as follows: 

2 2
,

2
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1
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o
R Ls rms Ls Ls

I
P R I R

D
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
 

(38) 

,2 2
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p

o
Lp

p

I
P R I R

D

I
R

D D

  


 

 

(39) 

 

where DP is the duty cycle of the primary stage. 

To calculate the conduction losses of the power switches, 

RMS values switches currents are needed, which can be 

calculated as: 

2 2
2 2

,

0 0

2

1 1

(1 )(1 )

p p

p p

D Ts D Ts

rms SP SP L p L

p
o

p

I i dt i dt D i
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(40) 
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22
, 1 2

2
0

1

(1 )
S s

D Ts

rms S L L o
D

I i dt D i I
Ts D

  
  

(41) 
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(42) 

, 3

2

1

(1 )
rms S oI I

D
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(43) 

 

So, the conduction losses are calculated as: 

2 2 2
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(47) 

 

The switching losses should also be considered that can be 

calculated by the following equations: 

2 2
2 2 ( )

1
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SWP s s P s s

p

V
P f C V f C
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 (48) 
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2 2
2 2 ( )

2
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V
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RMS values of the diodes’ currents can be calculated as: 

1 1
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2
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1
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 (54) 

 

So, the diodes’ forward resistance losses can be calculated as: 

1
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D
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D
 


 (58) 

And their forward voltage losses are calculated by Eq. 

(59)-(62). 

, 1 1 1 1

2

1
( )( )

1
VF DP FDP DP FDP oP V I V I

D
 


 (59) 

, 4 4 4

4

2

1
( )( )

(1 )(1 )

VF DP FDP DP

FDP o

p

P V I

V I
D D

 

 

 (60) 

2 1
, 2 2 2 2

2

( )( )
1

VF DS FDS DS FDS o
D D

P V I V I
D


 


 (61) 
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To calculate the capacitors’ power losses, their RMS currents 

are needed, so: 
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So, the capacitors’ power losses are obtained as follows: 

22 2
r ,

2

P ( )
1

CS CS rms CS CS o
D

r I r I
D

 


 (65) 

2

2 2
r ,

2

P ( )
(1 )(1 )

Cp

p
Cp rms Cp Cp o

p

D
r I r I

D D
 

 

 
(66) 

The total power loss is the sum of the calculated losses, 

which is obtained by: 
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(67) 

And finally, the efficiency of the proposed converter in 

mode2 is calculated by Eq. (68): 
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1 2 2 1

3 2 2 1

2

1 4

2

2
3

3

1 2 2 1

4

( )

(1 )

2

2

( )

Ls DSS DSS

DSS FDS

Lp DSP p

FDP p FDP

s s g

s s o FDS o

FDS CS

FDP FDS

Cp p

FDP o

A R r D r D

r R D D

B R r D

R D R

C f C V

D f C V V I

E R r D

F V V D D

G r D

H V I

   

 

  

 



 

 

  





 

(69) 

III. COMPARISON STUDY 

The presented converter is compared with similar converters 

introduced in recent years in terms of operating modes that 

they can work in and the number of high-frequency switches. 

The results are provided in Table 1. 

 

TABLE I. THE COMPARISON OF THE PROPOSED CONVERTER WITH 

CONVENTIONAL CONVERTERS 

 

Reference 

Operating modes Number of 

high-freque

-ncy 

switches G2H G2VH V2H V2G G2V 

[5] × × × ×  1 

[19]  × ×  × 12 

[20] × × ×   6 

[21] × × ×   6 

[22] × × ×   8 

[23] × × ×   3 

[24] × × × ×  2 

[25] × × × ×  8 

[26] × × × ×  3 

[27] × × × ×  2 

[28]  × × × × 1 

[29]   ×   6 

The 

proposed 

converter 

     7 

 

IV. CONTROL METHOD 

Designing an appropriate controller is necessary to control 

the input current waveform and also active and reactive 

power flowing between the grid and the proposed converter. 

Similar to other two-stage converters, the proposed converter 

needs two interrelated controllers. They can work 

dependently or independently with one another depending on 

the system operation. The system condition simulated and 

implemented in the experimental setup in this paper needs 
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independent controller subsections, so only the primary stage 

controller is analyzed and the secondary stage operates open 

loop.  

In this paper, a dual-loop Proportional-Integral (PI) controller 

is considered for the AC-DC stage. Using a dual-loop PI 

controller improves the converter performance and also input 

current and output voltage in terms of THD and ripple, 

respectively. The first loop controls the active and reactive 

power according to the utility grid commands or customer 

requirements by calculating input current reference. It is 

possible to control the DC-link voltage directly by setting 

VDC,ref manually. In this case, the controller is allowed to 

control only reactive power. The second loop generates gate 

pulses by calculating the difference between reference and 

measured input current.  

As illustrated in Fig. 7, the quadrature signals of grid voltage 

and input current are first driven by using delay blocks. Then, 

the single-phase active and reactive power is computed by 

using the instantaneous pq theory introduced in [33]. After 

that, there are P-loop and Q-loop controllers. In the P-loop, a 

PI controller is first used to modify VDC,ref in order to track 

active power command (PC). Afterward, another PI controller 

is used to track the calculated VDC,ref. Similarly, in the Q-loop, 

a PI controller is used to track reactive power command (QC). 

In this step, there are two options: (1) controlling the DC-link 

voltage directly by setting VDC,ref and controlling reactive 

power; and (2) controlling active and reactive power 

simultaneously according to the processed commands from 

the utility grid or customer. In the first case (the method 

simulated and tested in this paper), the two stages’ controllers 

can work independently, but in the second case, they have to 

work dependently. The computed active and reactive power 

is used to calculate input current reference via Eq. (70)-(72): 

 

1

r

tan ( )
P

ref

ef

Q
 
  

(70) 

rP

Cos( )

ef
ref

g

I
V 

  
(71) 

* 2 Sin( )ref ref ti I     (72) 

  

 In the second loop, the calculated reference and measured 

currents are used to obtain the error signal that is fed to the PI 

controller. The output of the PI controller is compared with a 

30kHz triangle waveform and finally, the gate pulses are 

generated using logic blocks as shown in Fig. 7. 

The dynamic of this converter is nonlinear. If the dynamic of 

the system is linearized, a linear controller can be used. With 

attention to the system dynamic, it can be linearized around 

its set point, and then a linear cascade controller via the bode 

diagram technique in frequency space can be designed. Fig. 8 

shows the bode plot of the DC-link voltage in open loop, 

open loop via a controller, and closed-loop via controller 

conditions with properties provided in Table 2. As shown in 

Fig. 8, the AC-DC stage can be controlled by using a 

properly designed PI controller with PI parameters calculated 

according to Fig. 8 and Table.2. 
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Fig. 7. The proposed control method 
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TABLE II. THE BODE PLOT PROPERTIES 
Closed-loop via controller 

Bandwidth 

 
31.9 rad/S 

Open-loop 

Gain Margin 

Phase Margin 

 

-54.5 dB 
-40.1 deg 

Open-loop via Controller 

Gain Margin 

Phase Margin 

 

37.3 dB 
85.1 deg 

Closed-loop 

Gain Margin 

Phase Margin 

 

37.2 dB 
161 deg 
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V. SIMULATION RESULTS 

The presented converter has been simulated in different 

modes in the MATLAB/SIMULINK software to validate 

system analysis. The converter specifications are tabulated in 

Table 3. It is assumed that the converter is connected to the 

grid (220 Vrms), and the battery pack voltage is considered 

320V. The home DC link is 400V with a 5kW DC load. 

The proposed converter is simulated in unity power condition 

in mode 1 and results are presented in Fig. 9 through Fig. 15. 

Fig. 9 shows the grid voltage (Vg) and input current (Ig) in the 

UPF condition. The FFT analysis in three cycles of the input 

current is shown in Fig. 10, which illustrates the THD value 

as 3.47% with acceptable harmonic orders. Figs. 11 and 12 

are related to the control unit operation in either mode1 or 

mode 2. Fig. 11 shows the current loop PID output which is 

compared with a 30 kHz triangular wave. The SP1 and SP2 

gate pulses are depicted in Fig. 12. As already mentioned, SP1 

and SP2 have a high-frequency operation in the negative and 

positive half cycle of the grid voltage, respectively.  

 

TABLE III. THE PROPOSED CONVERTER’S SPECIFICATIONS 

 Simulation  Experimental  

Input voltage 

(Vg) 

220 V(RMS) 30 V(RMS) 

Output voltage 

(Vo) 

400 V 160 V 

DC-link voltage 

(VDC) 

340 V 110 V 

Output Power 5 kW 200 W 

Battery Voltage 320 V 70 V 

LP 4.4 mH 4 mH 

Ls 1.5 mH 1.5 mH 

CP 9 mF 6 mF 

 Cs 680 uF 470 uF 

Maximum input 

current THD 

4.24% - 

 AC Input 

Frequency 

50 Hz 50 Hz 

Switching 

Frequency 

30kHz 30 kHz 

Maximum 

Output Voltage 

Ripple 

2% - 

Power Factor 0.99 0.99 

Controller - ARMSTM32F103RET 

Mosfet - KF13N60 

Current Sensor - ACS712 
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Fig. 9. The grid voltage and input current in mode 1 
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Fig. 10. The FFT analysis of input current in mode 1 
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Fig. 12. The gate pulses of SP1 and SP2 in mode 1 

 

Fig.13 illustrates the reference and measured input current, 

which shows the perfect capability of the converter to track 

the current reference generated by the controller. The desired 

DC-link and output voltages are tracked with a good transient, 

as shown in Fig. 14. Fig. 15 displays the voltage and current 

of LS in mode 1. 
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Fig. 13. The measured and reference input current in mode 1 
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Fig. 14. The DC-link voltage and output voltage in mode 1 
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The converter’s behavior during load changing in mode 1 is 

illustrated in Figs. 16 and 17. The output power is increased 

in three steps (1kW, 2kW, and 5kW) at t=1 and 2s. The 

current rise due to load increase is shown in Fig. 16(a). As 

shown in Fig. 16(b), at all loads, the PF is more than 0.99 

with the sinusoidal input current.  
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Fig. 16. (a) The input current and (b) grid voltage and input 

current during load changing in mode1 

 

Transient and steady-state of DC-link voltage and output 

voltage are shown in Fig. 17. The steady-state of DC-link and 

output voltages are fixed on their set point (340V and 400V, 

respectively), which shows the robustness of the adopted 

control method.  
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Fig. 17. (a) DC-link and (b) output voltages during load 

changing in mode1 

 

The second operating mode (G2VH) is also simulated, and 

the results are provided. Fig. 18 displays the grid voltage and 

input current of the converter in mode 2 and also the 

converter’s capability of correcting the power factor. As 

illustrated in Fig. 19, the THD of the input current is 4.09%. 

The operation of the converter in this mode is divided into 

three states. The voltage and current of LS in different states 

are shown in Fig. 20. The transient and steady-state of VDC 

and VO are depicted in Fig. 21. The output voltage ripple is 

less than 1.5%.  
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Fig. 18. The grid voltage and input current in mode 2 
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Fig. 19. The FFT analysis of the input current in mode 2 
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Fig. 20. The voltage and current of LS in mode 2 
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Fig. 21. The DC-link voltage and output voltage in mode 2 

 

The behavior of the converter during load changing in mode2 

is also analyzed and results are shown in Fig. 22.  
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Fig. 22. The DC-link and output voltages during load 

changing in mode 2 

The proposed converter is simulated with real components 

(considering ON-state resistance and forward voltages for 

diodes and switches and resistance for inductor) during 

mode2 and its efficiency is measured as illustrated in Fig. 23. 
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Fig. 23. The converter efficiency in mode 2 

The primary stage does not have any task in mode 3. In this 

mode, the battery provides the energy needed by the DC load. 

Fig. 24 shows the output voltage in mode 3. As can be seen, 

the output voltage has an acceptable ripple.  
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Fig. 24. The output voltage in mode 3 

The results of the mode 4 simulation are provided in Figs. 

25-27. Fig. 25 shows the switching pattern of SP1~SP4. SP1 and 

SP2 have a high-frequency operation, and SP3 and SP4 operate 

with grid frequency. Figs. 26 and 27 illustrate the input 

current waveform and its FFT analysis, respectively.  
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Fig. 25. The gate pulses of SP1 ~ SP4 in mode 4 
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Fig. 26. The grid voltage and input current in mode 4 
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Fig. 27. The FFT analysis of input current in mode 4 
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VI. EXPERIMENTAL VERIFICATION 

To confirm the simulation results, an experimental prototype 

has been built and tested. The reduced-scale experimental 

setup is shown in Fig. 28 and its specifications are tabulated 

in Table 3.  

The grid voltage and input current are shown in Fig. 29(a) in 

the unity PF condition. The gate pulses of the primary stage 

switches (SP1 and SP2) generated with the controller 

(STM32F103RET) are depicted in Fig. 29(b)-(c). The 

converter is tested in mode 1 under buck and boost conditions 

and the DC-link and output voltages are shown in Figs. 29(d) 

and 29(e), respectively. Fig. 29(f) shows the voltage across 

LS in mode 1 boost condition. 

 

 

Fig. 28. The implemented overall system composed of (a) 

power circuit, (b) isolated gate drive supply, (c) gate drive board, 

(d) controller board, (e) supply of op-amps, (f) supply of 

ACS712, (g) autotransformer, and (h) load 

 

The proposed converter is simulated in the unity power 

condition in mode 1. The results are presented in Figs. 9-15. 

Fig. 9 shows the grid voltage (Vg) and input current (Ig) in the 

UPF condition. The FFT analysis in three cycles of the input 

current is shown in Fig. 10, which illustrates the THD value 

as 3.47% with acceptable harmonic orders. Figs. 11 and 12 

are related to the control unit operation in either mode 1 or 

mode 2. Fig. 11 shows the current loop PID output compared 

with a 30 kHz triangular wave. The SP1 and SP2 gate pulses 

are depicted in Fig. 12. As aforementioned, SP1 and SP2 have a 

high-frequency operation in a negative and positive half cycle 

of the grid voltage, respectively.  

The converter is tested in mode 2 and the DC-link, battery 

port, and output voltages are depicted in Fig. 30(a). Fig. 30(b) 

shows the voltage of LS in this mode. 

Fig. 31(a) shows the battery port and output voltages in 

mode3. The converter is also tested in mode 4, and the grid 

voltage and input current of the converter are shown in 

Fig.31(b). 
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Fig.29. Experimental results of mode1 
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Fig. 30. The experimental results for mode 2 
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VII. CONCLUSION 

A novel bidirectional multiport rectifier has been presented in 

this paper. The proposed converter can be used as a wall-box 

converter that can be installed in the parking lot of smart 

buildings and can provide DC-link for local DC loads, such 

as DC home appliances and charge the connected EV, 

simultaneously. The ability to work in four operating modes 

(G2H, G2VH, V2H, and V2G) is the main feature of this 

converter. A control method is also explained that enables the 

proposed converter to control active and reactive power 

according to the processed smart grid or customer commands. 

The operation of the presented converter is explained and 

analyzed during all operating modes, and simulation is done 

to validate system analysis. A reduced-scale experimental 

setup has been built, and the performance of this converter 

has been assessed through an experimental test. The results 

confirm the simulation ones.  
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Synchronous generators are one of the most important components of power systems. Problems a generator may face are 

internal faults, system disturbances, or operational hazards. The operation of a generator may easily be affected by faults 

within the machine itself as opposed to external disturbances occurring on the network to which it is connected. Generator 

protection must therefore be designed to react efficiently in both conditions. Loss of excitation (LOE) is a common fault in 

synchronous generators. The most common causes of LOE include the loss of field to the main exciter, accidental tripping of 

the field breaker, short circuits in the field circuit, and poor brush contact in the exciter. The most widely applied method to 

detect a generator loss of field condition on major generators is the use of distance relays to sense the variations of impedance 

as viewed from the generator terminals. This approach may not be able to distinguish between LOE and stable power swing 

(SPS). This paper further explores a new method proposed for LOE detection and corrects its shortcomings. It also presents 

a new approach for LOE detection that exploits a combined scheme based on the derivative of the terminal voltage and the 

derivative power angle of the generator. Comprehensive simulation studies are conducted on various generator conditions 

and system disturbances to determine the relay setting and to evaluate its performance. These studies demonstrate that the 

proposed strategy enhances the security and operation time of the LOE relay compared with some existing methods. 
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I. INTRODUCTION

A. An Introduction to Power Systems

Secure and fast protection of a power system’s components

should be ensured to isolate the faulted area, minimize its 

effects on the nearby areas, and maintain system stability. The 

problem of the stability of a power system has been considered 

by electrical engineers in recent years. Increasing loads and 

deregulating a power system make the power system more 

complex than ever. Major blackouts due to power instability 

indicate the importance of this issue [1]. Due to the continuing 

growth of power systems such as in interconnections, use of 

new controls and technologies, and so on, different forms of 

system stability have emerged. Voltage stability and transient 

stability have become more problematic than in the past [1]. 

To prevent major blackouts such as August 2003’s blackout in 

the northeast of the United States and August 1996’s blackout 

from a western connection in North America that cost billions 

of dollars [2]-[5], real-time monitoring tools require the 

operator to take prompt action to correct problems. 

B. Motivation and Problem Description

The loss-of-excitation (LOE) condition of a generator in a

power system may be caused by faults or unexpected problems 

in the automatic field voltage control in synchronous 

generators. A generator may completely or partially lose its 

excitation due to casual field breaker tripping, field open 

circuit, short circuits in the field winding, poor brush contact 

in the exciter, field circuit breaker latch failure, voltage 

regulator failure, or loss-of-excitation system ac-supply [3]. 

The LOE fault is mostly minor, but in very rare cases, a 

stimulus may be completely eliminated in a synchronous 

generator. LOE causes the generator to absorb a large amount 
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of reactive power from the power grid. Also, it causes the 

machine speed to go above the synchronous speed in which 

case the machine will start to operate like an induction 

generator, [6]-[14]. Due to LOE, the generator will start to 

consume reactive power in a very large amount from the power 

system, and this will result in a voltage drop. 

  This means an increasing reactive power demand on the 

neighboring system near the LOE generator. It also reduces the 

terminal voltage of the generator. LOE condition at a large 

generator, e.g. major fossil plants, can drag down nearby 

voltage of the system very fast and jeopardize the voltage 

stability of the rest of the power system. This can have a very 

serious impact on the power system if the system is not stable 

enough. A large increase in reactive power causes an increase 

in the stator currents, resulting in an overheating rotor, thermal 

heating in the rotor windings, loss of magnetic coupling 

between the rotor and the stator, and large voltage drop in the 

transmission system [5]-[14]. Therefore, it is necessary to 

identify the LOE fault on the synchronous generator in a power 

system as soon as possible. Furthermore, the effect of LOE on 

the stability of the power system and voltage stability must be 

determined in order to avoid voltage collapse. 

  Also, the loss of excitation causes the stator to overload and 

the rotor to overheat. The worst-case scenario for generator 

excitation is when the generator has a heavy load in which case 

there will be a higher probability of synchronization 

disappearing because the system impedance will be lower 

despite the high load and the final slip frequency of the system 

will be reduced [15]. During light loads, the generator may not 

lose synchronism and will operate as a synchronous generator 

depending on the principle of reluctance [16]. There is no 

determined time length the generator can operate without 

excitation [15], but to avoid possible voltage collapse resulting 

from reactive power demand and machine damage, secure fast 

and dependable LOE detection methods are required [17]. 

C. Literature Review

The conventional detection method, which is based on

impedance measurement to detect LOE, is the most popular 

technique for LOE detection. The impedance scheme is the 

most utilized scheme for LOE detection. During an LOE event, 

Zones 1 and 2 are for detecting LOE with a full load and a light 

load, respectively. In other words, during heavy loads, the 

impedance trajectory enters the operating area faster than light 

loads. Also, Zone 2 is considered to be the backup of Zone 1, 

and during power swings, there is a high probability for the 

entrance of the impedance trajectory into Zone 2. When the 

measured impedance falls into the operating region, the relay 

function is picked up and, after a certain time delay to enhance 

the security of the power swing, a trip signal is sent to the 

generator’s main breaker. The offset of the protection zones 

from the principle of the impedance plane is half of the 

transient reactance (𝑋′𝑑 /2). Two methods of LOE detection are 

presented in the SEL-300G relay manual [18]. These two cases 

are shown in Fig. 1. 

𝑋𝑑 ≡ Generator direct-axis reactance 

𝑋𝑠 ≡ The sum of the step-up transformer reactance and system 

reactance 

𝑋′ ≡ Generator transient reactance 

(a) (b) 

Fig.1. Loss-of- excitation protection: (a) positive-offset mho 

element and (b) negative-offset mho element 

  The conventional method shows mal-operation during 

severe stable power swing (SPS) conditions; for instance, a 

severe fault near the generator [15]. It was reported in a NERC 

technical reference document that 13 out of 290 generator 

tripping resulted from LOE mal-operation during such 

disturbances [17]. Besides, the additional elements can be 

introduced to implement the protection function, such as 

directional element, under-voltage element, over-current 

element, minimum excitation limit, steady-state stability limit, 

etc.  

What is certain is that conventional methods are unable to 

detect SPS. Therefore, methods should be created that do not 

have the problems of impedance methods. The techniques used 

to detect LOE are described in Section 2. 

II. LOSS OF EXCITATION FAULT

A .Techniques Proposed 

  As discussed in Section 1, the conventional method is not 

reliable during SPS conditions. In addition, it requires a time 

delay that results in more stress in the generator and the 

network. Therefore, other techniques have been proposed to 

eliminate these pitfalls. In [15], a new method of LOE 

detection is introduced based on the fuzzy set theory. It 

depends on the concept of the conventional LOE detection 

method, which relies on the variations in the terminal voltage 

and apparent impedance. This method works when the voltage 

range is between 0.5 and 0.8 p.u, so if the system is strong, it 

will not work. Its performance depends on the strength of the 

system and a lot of data is required. 

  A setting-free approach to detecting LOE of a synchronous 

generator is presented in [18]. This approach does not need 

threshold settings, so it does not depend on system parameters. 

This approach relies on the resistance variations because it has 
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a fixed polarity during LOE (it remains negative). This method 

discriminates between LOE and a disturbance by setting a time 

delay before tripping. The performance of the method is 

evaluated during peak hours, off-peak hours, and disturbances 

for a 2-bus system. The results show that it is faster than the 

conventional method. In [19], a new strategy is presented to 

detect a synchronous generator’s LOE. This method depends 

on the value and duration of voltage and reactive power 

amount. 

  Its performance has been compared with the conventional 

method and the proposed method in [15] for different loading 

conditions, generator ratings, and system configurations. The 

index presented in [19] has difficulty discriminating between 

SPS and LOE. Also, a solution is presented in [20]. The 

discrimination between SPS and LOE is based on the 

variations in the fast Fourier transform coefficient of the three-

phase active power at the relay location. Therefore, the delay 

associated with the other methods is avoided through an 

additional threshold value. The second threshold is the active 

power based on the FFT coefficient. When the indicators are 

calculated and they exceed two threshold values, the LOE fault 

is detected; otherwise, it shows an SPS condition on the grid. 

There are several techniques based on magnetic flux variations 

in the air gap ([21], [22]), but these techniques have been 

criticized because, to measure the machine flux, the search 

sensors coil should be utilized but there is, naturally, no desire 

to install it due to the damage to the generator [20]. A new 

method based on PMU measurement in the presence of 

flexible alternating current transmission systems (FACTS) is 

presented in [23], but this method needs measurement 

synchronization and lots of information. The algorithms 

presented in [18] and [20] start their calculations with the 

initial condition that the terminal voltage of the machine is less 

than 0.95 p.u. When the system is strong or there are several 

generators on the same bus, the generator’s terminal voltage 

does not reach 0.95 or less. This indicates that the calculations 

are not started by the algorithm and LOE will not be 

recognized. Also, these methods have not been studied in a 

larger system. 

B. Contribution

This paper presents an event to find LOE occurrence and

distinguish it from SPS. The proposed approach detects the 

LOE event using the rate of variations in the generator’s 

terminal voltage and output angle power. The proposed 

method is investigated for different conditions and 

parameters. It is examined by considering various 

parameters of the generator, system disturbances, and the 

structure of the system under the existing conditions. Also, 

according to the studies, a comparison is made to identify 

two SPS and LOE approaches. In the second part, the 

strategy of the proposed method for LOE detection is 

discussed. Also, the concept of strategy and its algorithm are 

explained in this section. In Section 3, the studied system and 

its components include different parts of the generator and 

loads based on the proposed strategy. The proposed index 

identifies faults based on the relevant algorithm and 

according to the simulation. Section 4 addresses the 

concluding points of the proposed method. 

C. Synchronous Generator Modeling for LOE Transient

Analysis

  Synchronous generators supply almost all the electric power 

we consume today. The rotor of a synchronous generator needs 

to be driven by a source of mechanical power or a prime mover 

and the field winding needs to be fed by a source of DC power 

to provide active and reactive power to the power system. 

These exclusive combinations of electrical and mechanical 

equipment need to be protected against different kinds of faults. 

Generator faults are always considered to be serious since they 

can cause severe and costly damage to insulation, windings, 

core, shafts, and couplings [1]. Generally, there are two types 

of excitation systems – rotating and static. Rotating systems 

use a dc or an ac generator as the source, but static systems 

apply rectifiers as sources that are directly fed from the 

generator terminals via a step-down transformer. Today, most 

excitation systems are ac or static types because of their fast 

response capability. When a generator loses its excitation, the 

rotor current gradually decreases and the field voltage decays 

by the field time constant as well. As mentioned in the previous 

section, in this case, the generator operates as an induction 

generator and draws reactive power from the power system 

instead of generating reactive power.  

Considering the generator active power output equation: 

𝑃𝑒 =
𝐸𝑞.𝑈𝑠

𝑋𝑑+𝑋𝑠
sin 𝛿  (1) 

where Pe is the active power output to the system, Eq is the 

generator internal voltage behind the d-axis synchronous 

reactance, Us is the equivalent system voltage, Xd is the d-axis 

synchronous reactance, Xd is the system impedance, and 𝛿  is 

the angle between Eq and U. 

 The active power output is proportional to the system voltage, 

the generator internal voltage, and its sine. As the generator 

internal voltage Eq is a function of field voltage, the generator 

active power output is a function of field voltage as well. 

In the steady-state, the operation point is the point where the 

mechanical power input equals the electrical power output. 

When the mechanical power increases, the load angle 𝛿 

increases. The maximum mechanical power can increase until 

the load angle reaches 𝛿 =90◦, after which the mechanical 

power will be greater than the electrical power and the 

generator will lose synchronism as there is no equilibrium 

point between mechanical power input and electrical power 

output.  For the same reason, when the mechanical power 

input is fixed and the maximum electrical power output 
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decreases due to the field voltage reduction, the load angle 𝛿 

increases as the intersection of mechanical power and 

electrical power moves up to the peak. The generator electric 

power output versus the load angle is shown in Fig. 2. 

Fig. 2. Generator active power – angle diagram 

When a generator operates at 𝛿 =90◦, any increase in mechanical 

power or decrease in electrical power will lead to the generator’s 

loss of synchronism. As a result, the generator will operate 

asynchronously as an induction machine, typically with a 2% to 

5% slip, and will draw the reactive power from the system for the 

excitation instead of generating reactive power to the system [24]. 

Normally, a generator’s field voltage cannot be measured directly, 

so to detect the LOE, the protection scheme applies the generator’s 

terminal voltage, current, power angle, active power, or reactive 

power output as the input value and calculates the generator 

characteristic values to determine the LOE fault. 

III. GENERATOR CAPABILITY LIMITATION

A. Generator Capability Curve

First of all, the generator capability is limited by the rated MVA,

which represents the generator maximum continuous output in the 

steady-state without overheating. However, concerning the 

voltage stability and long-term stability, it is essential to consider 

the reactive power capability which is limited by field current limit, 

armature current limit, and stator end region heating limit [25]. 

The generator thermal limits are shown in Fig. 3. 

Fig.3. Generator operation thermal limits [26] 

B. Dynamic Performance of a Synchronous Generator

during LOE 

  The field circuit of a synchronous generator needs to be 

excited by a direct current supply in order to keep the generator 

in synchronism with the power grid and to keep the voltage 

constant. Basically, synchronism between the power system 

and the generator is maintained due to the interaction of fluxes 

produced by the stator and rotor windings [27]. Excitation can 

be provided in many ways including rotating dc exciters with 

commutators, rotating alternator rectifiers, or static supplies. 

Power and torque pulsation due to the LOE conditions will be 

more severe in a generator with a rectifier bridge supply than 

in a generator supplied by a dc exciter [28]. After LOE occurs, 

a decrease in the field current will reduce the electromagnetic 

torque, while the mechanical torque from the prime-mover 

cannot change immediately, thus the rotor will accelerate. 

Under such a condition, the generator speed will be above the 

synchronous speed and the synchronous generator will operate 

as an induction generator. Due to the slip between the rotating 

magnetic fields of the stator and the rotor, ac currents are 

induced in the field winding body and damper windings [27]. 

Because of the reactive power drawn by the LOE generator, 

the system voltage is immediately reduced while the armature 

current of the generator is increased [29]. Under such 

circumstances, disturbance in the power system would take 

place. 

  Since the rotor of large turbo-generators is not laminated, 

instead of being machined from a steel alloy forging, under an 

LOE condition, substantial heat will be generated by eddy 

currents [27]. Excess rotor heat is likely to affect the integrity 

of the field windings, insulation, wedges, or retaining rings 

[28]. Damage to the generator may occur in a timescale of 

between 10 seconds and several minutes. 

  A generator converts mechanical energy into electrical 

energy, so the input power is the mechanical prime mover, e.g. 

diesel engine, steam turbine, water turbine, and so on. 

Regardless of the prime mover type, the rotor velocity must 

remain constant to maintain a stable system frequency. The 

transient analysis of a synchronous machine is thus concerned 

with determining transient fluxes and currents and their 

influence on the electrical and electromechanical behavior of 

the machine. 

  The electromechanical equation for a synchronous 

generator follows directly from equating the inertia torque 

(equal to the moment of inertia j times the angular 

acceleration) to the net mechanical and electric torque acting 

on the rotor. Thus, we have 

j
d2𝜃

d2t
= Tmech − Telec (2)

where 

θ= the angular position of the rotor 

Tmech = the mechanical accelerating shaft torque applied to 
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the rotor 

Telec = the electromagnetic torque acting to decelerate the 

rotor 

The equation, like those that follow, is written with a certain 

generator in mind. 

It is often convenient to express the rotor angular position 𝜹 

in terms of a synchronous rotating reference frame as 

θ=
2

poles
(ωt + 𝛿) (3) 

where ω is the synchronous electric frequency and δ is the 

electrical angle between a point on the rotor and the 

synchronous reference frame. δ is often taken equal to the 

synchronous-machine power angle, so, Eq. (4) becomes as 

follows for a generator with two poles: 

j
d2δ

d2t
= Tmech − Telec (4) 

Known as the swing equation, it can be solved for the 

electromechanical dynamics of the synchronous machine. 

The key to its use is the accurate representation of the torques 

acting on the rotor. The mechanical shaft torques must be 

determined from a representation of the dynamics of the 

prime mover (or load in the case of a motor). 

Since this model results in an expression for electric power 

output (4) as a function of the rotor angle, it is convenient to 

rewrite Eq. (5) in terms of power. This can be done by 

multiplying by the rotor mechanical velocity ωm. 

Since for most situations of practical interest, deviations of 

 ω
m

from synchronous speed are very small,   ω
m

 can be

replaced by the synchronous rotor velocity  𝜔𝑠 = (2/𝑝𝑜𝑙𝑒𝑠)𝜔 , 

giving 

j𝜔𝑠

d2δ

d2t
= Pmech − Pelec (5)

In the LOE condition, the load angle (i.e δ) fluctuates and 

reaches the maximum and then decreases. It, then, shows that 

the power system is stable. At that moment, due to the 

inherent permanence of the power system, the derivative of 

the load angle (dδ/dt) is zero. As a result, the fluctuations will 

be smaller and smaller. It should be noted that while the load 

angle is different, if the derivative of the load angle (dδ/dt) is 

zero at a certain moment, stability will be guaranteed. If the 

load angle increases indefinitely, it will imply that the power 

system is unstable. To find the derivative of the load angle 

(dδ/dt), both sides of (6) with dδ/dt are multiplied as follows: 

j𝜔𝑠(
d2δ

d2t
)

dδ

dt
= (Pmech − Pelec)

dδ

dt

(6) 

or 

1

2
j𝜔𝑠

d

dt
(
dδ

dt
)2 = (Pmech − Pelec)

dδ

dt
(7) 

Using Eq. (7) and performing some trigonometric 

derivatives and integrating, the derivative of the load angle 

can, finally, be found as follows: 

dδ

dt
= √∫ (

2

j𝜔𝑠 
) (Pmech − Pelec)dδ

𝛿

𝛿0

(8) 

Before LOE occurs, 𝛿0 is the load angle and at this time 

dδ/dt=0. As soon as LOE happens, dδ/dt is no longer zero, 

and the load angle changes. When dδ/dt=0, i.e., the load 

angle stops and the generator operates in a new stable 

condition with motor performance. 

dδ

dt
= ∫ (

2

j𝜔𝑠 
) (Pmech  − Pelec)dδ =

𝛿

𝛿0

0 (9) 

  It should be noted when dδ/dt = 0, the synchronous 

generator will not stay at rest with a connection to the power 

system at the first time. However, according to balancing 

available in the power system, the maximum load angle is 

reduced during the subsequent fluctuations. That is, the power 

system is stable and the generator will achieve a new operating 

point with the motoring function often known as the swing 

equation, it can be used to solve for the electromechanical 

dynamics of the synchronous-machine. The key to its use is the 

accurate representation of the torques acting on the rotor. The 

mechanical shaft torques should be determined from the 

presentation of the dynamics of the prime mover (or the load 

in the case of a motor).The basic electromechanical equation, 

the so-called swing equation, states that the product of a rotor 

moment of inertia times its angular acceleration is equal to the 

net torque applied to the rotor (mechanical shaft torque and 

electromagnetic torque). Under steady-state conditions, the net 

torque is zero and the rotor remains at constant (synchronous) 

speed. Transient analysis is performed to investigate the nature 

of the transients resulting from a disturbance and whether or 

not the stable steady-state operation will be reestablished. 

C. The Proposed Strategy Concept

When LOE occurs, due to the mechanical inertia, the

mechanical input and load angle keeps constant temporarily. 

The reactive power output decreases to zero quickly and the 

generator starts to import the reactive power from the system. 

The generator’s internal voltage decays because of the field 

voltage reduction, and the phase current goes up due to a large 

amount of reactive power imported. As already mentioned 

under LOE conditions, a synchronous generator will continue 

providing pulsing active power and draw a large amount of 

reactive power from the grid, which can jeopardize the 

system’s voltage stability [30]. 

  After a short-circuit fault on the generator's excitation 

winding terminal, which leads to LOE, the dc current flowing 

through the excitation winding disappears. Therefore, the 

output voltage of the generator slowly decreases, as shown in 

Fig. 4(a), and LOE occurs in 15 s. In such a situation, the 

generator starts to absorb reactive power from the grid, and the 
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reactive power of the generator begins to decrease. 

Consequently, the signals derived from the terminal voltage 

and reactive power are the same (Fig. 4(b)). In addition, the 

speed of the generator is increased and this will increase the 

power angle (δ). The load angle variations and speed are 

depicted in Figs. 5(a) and (b) after LOE occurs. 

(a) 

(b) 

Fig.4. The generator’s terminal voltage and Q after LOE 

(a)  

(b)  

Fig.5.The generator’s speed and load angle after LOE 

If the voltage changes in two consecutive, samples of this 

quantity will be equal to: 

∆𝑉 = 𝑉𝑘 − 𝑉𝑘−1 (10) 

In addition, the value of dv/dt is significant, even for a 

relatively long time after the LOE event. 

In this case, after the LOE event, the output voltage of the 

generator gradually decreases, and ∆V becomes negative. Also, 

we will have for δ after the LOE event:  

∆𝛿 = 𝛿𝑘 − 𝛿𝑘−1  (11) 

According to Figure 4(a), it can be said that after the LOE 

event, the value of ∆δ is positive and it will increase. Also, 

dδ/dt is positive. 

With the multiplication of derivatives of the two sides (1) and 

(2), we will have: 

∆𝑉 ∗ ∆𝛿 = (𝑉𝑘 − 𝑉𝑘−1) ∗ (𝛿𝑘 − 𝛿𝑘−1) and:

(𝑑𝑉 𝑑𝑡) ∗ (⁄ 𝑑𝛿 𝑑𝑡) = (𝑑(𝑉𝑘 − 𝑉𝑘−1)/dt)⁄

∗ (
𝑑(δ𝑘 − δ𝑘−1)

dt
 ) 

(12)

It should be noted that the terms (𝑉𝑘 − 𝑉𝑘−1)  and (𝛿𝑘 −

𝛿𝑘−1), respectively, represent the derivatives of the terminal 

voltage and the rotor angle, respectively. Regarding the 

voltage and load angle variations, in the LOE event, Eq. (12) 

indicates an index in that the direction is negative and its value 

is increasing. By applying the changes in Eq. (12), which is 

considered as Loss of Excitation Detection Index (LOEDI), is 

obtained as below. 

LOEDI

= 𝐾𝐺 ∗ ((𝑑𝑉 𝑑𝑡) ∗ (⁄ 𝑑𝛿 𝑑𝑡))⁄  (13) 

Various permutations of the electrical quantities are multiplied 

to one another for better detectors as expressed in Eq. (3). 𝐾𝐺 

is an amplified quantity to increase the detection index value 

and it depends on the index parameters and 𝑘𝐺 = 105 . If the

calculated index is larger than the specified threshold Th for 

five samples, the LOE event will be detected. The LOE relay 

function depends on the Th settings. The function of this logic 

is that after starting the algorithm if the value of the LOEDI 

increases from Th, one unit is added to the Loss Of Excitation 

Detection Counter (LOEDC); otherwise, it will be reduced by 

a unit. If the LOEDI value reaches the final value (N), LOE 

occurs and the relay trip signal is issued. The parameter N 

represents the maximum value of the LOEDI to ensure the 

occurrence of LOE. 

C. Strategy Algorithm

Fig. 6 shows the flowchart of LOE detection to calculate the

initial values where terminal voltage, apparent power, and 

power factor are given as inputs. Then, the load angle (δ) of 

the machine can be calculated. Generator terminal voltage 

decreases after LOE due to the short circuit or open circuit in 

the excitation winding. Therefore, the voltage of 0.95 per-unit 

is considered a fault. After the fault detection operation, the 

terminal voltage of the generator is first determined. 

Subsequently, the generator power angle changes are specified. 

Given that this algorithm uses the derivative of sample signals 

from the voltage and rotor angles, we use a low-pass filter to 

eliminate negative fluctuations to obtain the indicated signals. 

Using this method, it accurately distinguishes LOE and 

Sustainable Power Swing (SPS). To calculate Th, the 

following should be considered. Due to the fact that the rotor 

voltage and power angles are almost constant and do not 
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change under normal generator conditions, the LOEDI 

changes are negligible. 

CalculatinVt

&

Vt<0.95

-Calculating δ

-Calculating dδ/dt 

-Calculating dV/dt

-filtering

Vt<0.95
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LOE relay 

operation

Counter=0
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Fig.6.The flowchart of the proposed LOE relay 

In addition, the simplified trip logic diagram on the  LOEDI 

index is shown in Fig. 7. 

Fig.7.The Trip logic for LOEDI 

Eventually, the phase angle of the generator’s internal voltage 

remains positive in half of the period depicted. According to 

[31]-[37], the power system swing frequency range is 0.3-7 Hz. 

In this paper, the minimum value (0.3 Hz) will be considered 

as the network swing frequency. The longest time period for 

the expected angle oscillation is then 1/0.3 s or 3.33 second as 

shown in Fig. 8. The delta variation will change its polarity 

after half a cycle or 1.67s. 

Fig.8. The dδ/dt oscillations during the slowest power swing 

[31]-[36] 

IV. EVALUATION OF THE PROPOSED STRATEGY

  Given that the amount of LOEDI may depend on the 

configuration of the generator's power system and output 

power, different items will be studied in the following sections. 

Table 1 presents the different loadings of the generator for 

simulation conditions. Simulation with different loads and 

under the conditions of complete interruption of LOE 

excitation and reduction of PLOE excitation in 

MATLAB/SIMULINK software has been done completely. 

TABLE I 

The Loadings of the Generator 

Loading (p.u.) 

S=P+JQ P.U. 

L1 0.1+j0.2 L5 0.5+j0.4 L9 0.9-j0.2 L13 0.5-j0.6 

L2 0.1+j0.3 L6 0.7+j0.2 L10 0.7-j0.5 L14 0.3-j0.6 

L3 0.3+j0.4 L7 0.8+j0.4 L11 0.6-j0.4 L15 0.3-j0.4 

L4 0.3+j0.5 L8 0.9+j0.3 L12 0.5-j0.2 L16 0.1-j0.2 

A.Case Study

The studied network is a single machine infinite bus (SMIB)

shown in Fig. 9. The full power network data is presented in

[23]. The simulation model includes a salient-pole generator

250 MVA connected to a common bus via connection step-up

transformer. The common bus connects to the infinite bus via

a 100-km transmission line. The transformer’s primary side

voltage is 20 kV and its secondary side voltage is 230 kV. The

generator model comprises a synchronous generator, a hydro

turbine with a governor, an automatic voltage regulator (AVR),

and a power system stabilizer (PSS). The exciter used in the

model is a static exciter that is a standard IEEE type ST1A.

The power supply for the exciter is obtained from the generator

terminal voltage via a step-down transformer and controlled

rectifier. In this type of exciter, the inherent time constant is

very small and it can operate without a stabilizer [32]. But in

this model, PSS is implemented to accelerate the stabilization.

G
T1EG VT

Infinite 

bus

L1

Load

L2

XG

Fig.9. The simulated system to investigate the performance of 

the LOE detection methods 

The generator data and control system data are listed in 

Appendix A. In this case, based on the mentioned model, the 

simulation was performed according to the system 

specifications. After the LOE event, the signal generated by 

the voltage and the power angle derivative are shown in Fig. 

10(a) and (b). This figure shows that after the LOE occurs, 

the output voltage decreases, and the power angle output 

increases. The signal generated by the voltage is negative while 

the power angle signal is positive. The main idea is to use the 

index mark to detect the error after simulating the analysis based 

on the positive or negative signals after the LOE occurs. The 

simulation is performed in 15 seconds and after 5 seconds of the 

threshold. 
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(a) 

(b) 

Fig.10. The generator’s derivative terminal voltage and 

derivative angle power after LOE 

One of the main outputs of the simulation is the LOEDI 

index. Fig. 11 shows the LOEDI after the LOE occurs. The 

positivity or negativity of the index is considered a very 

important parameter. The LOEDI value is, initially, zero 

before the LOE occurs and its value is negative after the LOE 

occurs. As a result, if the index is negative, an LOE has 

occurred. The LOE relay must operate and issue a stop 

command. 

Fig.11. LOEDI after LOE 

Next, the algorithm performance is tested under swing 

conditions since this is the main reason behind conventional 

relay mal-operation. A stable power swing is defined as an 

oscillatory disturbance that is controlled by the power system. 

After the disturbance is removed, the system will remain stable. 

For example, a fault on any line within the system that is 

cleared after a designated time will potentially give rise to an 

SPS. 

For security evaluation of the proposed index, non-loss of field 

disturbances was applied to the simulated system. There were 

no trip commands generated, so the index can be considered a 

secure index. The proposed algorithm can correctly identify 

the LOE event. Since the LOEDI index depends on power 

system parameters, such as generator power, output power, 

and power system, if a short-circuit fault occurs and a stable 

power swing (SPS) is generated, the simulation results show 

that in the event of SPS, the LOEDI will be swinging. 

In this case, if the generator is fully excited, a three-phase short 

circuit to the ground fault will occur within 2 seconds (in 7 s 

to 9 s). The simulation was performed for 15 seconds with a 5-

s threshold. After a 1.67-s delay (10.67 s), the derivative of the 

voltage will be negative and fluctuate, and the power angle 

derivative will have low-amplitude oscillations; consequently, 

the magnitude of their increment, which is the LODEI index, 

will also be positive. A stable power swing is defined as an 

oscillatory disturbance that is controlled by the power system. 

After the disturbance is removed, the system will remain stable. 

For example, a fault on any line within the system that is 

cleared after a designated time will potentially give rise to an 

SPS.   

In Fig. 12(a)-(c), the derivative of the voltage, the derivative 

of the power angle, and the LOEDI index are shown when the 

SPS occurs. The value of the LOEDI index is zero before the 

fault. Therefore, the index after oscillation will occur after 1.67 

seconds (in 10.67 s). By changing the sign from positive to 

negative in a half-cycle, we realize that no LOE has occurred. 

Therefore, if this indicator is not negative, an SPS has occurred 

and the LOE relay will not give a trip. This will be a way to 

distinguish between the two errors (LOE and SPS). 

(a) 

(b) 

(c) 

Fig.12. The generator’s derivative terminal voltage, derivative 

angle power, and LOEDI after SPS 

  By reducing the generator excitation, we repeat the 

simulation and check the output of the output signals. For 

example, suppose that the generator excitation is reduced to 
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0.4 p.u. (PLOE). According to the simulation outputs, we 

conclude that the voltage derivative in this case is negative 

and the power angle is positive. The corresponding index 

will also be negative. This result is similar to when the 

generator has full excitation. It detects and operates the error 

rate after 1.67 seconds. Figs. 13(a),(b),(c) present the 

simulation results. The behavior of the generator shows that 

the index detects the LOE error and cuts off the command 

relay correctly and in the shortest time in PLOE mode. The 

simulation is performed in 20 seconds and after 5 seconds of 

the threshold. 

(a) 

(b) 

(c) 

Fig.13. The generator’s derivative terminal voltage, derivative 

angle power, and LOEDI after PLOE 

  Whether the index is positive or negative is considered a 

very important parameter in determining the LOE. Initially, 

the value of the LOEDI indicator is zero before the PLOE 

occurs, and the LOEDI  value is negative after the PLOE 

occurs. Therefore, the index is similar to the time when the 

LOE occurs in the previous section. As a result, if the index 

is negative, an LOE has occurred. In this case, the LOE relay 

must act and issue a stop command. Therefore, in the PLOE 

mode, the LOEDI indicator correctly detects the LOE event 

and commands the LOE relay to prevent damage to the 

generator. Similar to this case, with a reduction in excitation 

to 0.4 p.u. (PLOE), the road performance will be the same as 

the previous part of LOE. 

In the next case, we examine the behavior of the generator 

under heavy load conditions. Given that the generator is 

under a lot of stress in these conditions, it is crucial to detect 

the fault in the shortest possible time. The simulation is done 

with the previous specifications. According to Table II, 

different simulated loads and the LOEDI index signal were 

investigated in two modes (LOE and PLOE). The results are 

shown in Fig. 14. 

Fig.14. LOEDI after LOE and PLOE in the heavy load case 

Fig. 14 shows that the system will oscillate in 9.6 seconds in 

the LOE mode, as well as in PLOE mode after 13.6 seconds. 

Simulation with different loads indicates that the proposed 

algorithm will operate without error affecting the behavior 

of different loads in LOE detection and will operate after 

1.67 seconds if the index is negative. 

  Examining different modes under heavy and light load 

conditions in both LOE and PLOE conditions (0.2,0.4) are 

presented in Table 4. The simulation results indicate that the 

type of load in the fault detection is not affected by the 

LOEDI index and the index is independent of the load. It also 

detects LOE by reducing the excitation by 20% and 40% 

with different loads of the proposed algorithm. One of the 

important features of the index is the detection of partial 

reduction of excitation. 

TABLE II 

Supplementary Data of the Simulated Generator 

Type of Loading (P.u.) P.F
Mode of LOE 

Heavy 

loading 
L8=0.9+j0.3 Laging 

LOE,EF=0 

PLOE,EF=0.2 

PLOE,EF=0.4 

Heavy 

loading 
L10=0.7-j0.5 Leading 

LOE,EF=0 

PLOE,EF=0.2 

PLOE,EF=0.4 

Light 

loading 
L2=0.1+j0.3 Laging 

LOE,EF=0 

PLOE,EF=0.2 

PLOE,EF=0.4 

Light 

loading 
L16=0.1-j0.2 Leading 

LOE,EF=0 

PLOE,EF=0.2 

PLOE,EF=0.4 
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V. COMPARISON OF THE PROPOSED

METHOD WITH OTHER LOE DETECTION 

METHODS 

The performance of the LOE-DVA method for the case study 

synchronous generator, loading at S= 0.5-j0.4 p.u [33], was 

evaluated and compared with the following methods. 

- Positive offset

- Berdy

- LOE protection based on fuzzy inference

mechanism (LOE-FIM)

- LOE protection based on flux method (LOE-

FBM)

- LOE protection based on flux method

combined with negative sequence current

(LOE-FVNSC)

- LOE-TDFM

The results are presented in Table III. 

TABLE III 

The Comparison of Different LOE Detction Methods 

Relay type Trip Time(s) 

Positive Offset 11.2s 

Berdy 10.4s 

LOE-FIM 9.1s 

LOE-FBM 3.1s 

LOE-FVNSC 3.1s 

LOE-TDFM 1.7s 

LOE-DVAM 1.67s 

According to the methods in Table III, Fig. 15 depicts the 

faster performance of the LOE-DVAM relay. 

Fig.15. Various relay performance comparison 

VI.CONCLUTION

  In a synchronous generator, fault detection is one of the 

most important parameters to prevent serious damage to the 

generator. This paper introduced a new method for LOE and 

SPS detection. This method quickly detects faults, 

distinguishes between different faults (LOE, SPS), and 

prevents malfunction of the fault detection relay. The method 

is based on the generator’s output signals, which use the 

terminal voltage derivative and the generator’s power angle 

derivative. Using simulation in the MATLAB software, the 

behavior of the signals before and after the occurrence of the 

LOE error was investigated. The simulation output shows 

various behaviors caused by changes in the system, such as 

reduced generator excitation, short-circuit fault, and network 

load changes. Thus, according to this theory, an index is 

defined as LOEDI, which recognizes the LOE fault based on 

the calculation of the output voltage derivative signals. The 

LOEDI index detects the LOE fault within 1.67 seconds and 

reports the LOE detection relay. Table III shows that our 

proposed method outperforms all other methods. In the LOE 

fault detection method, comprehensive simulation studies for 

different system conditions and generators were examined 

by designing and simulating the synchronous generator 

simulation circuit. The results of these studies have shown 

that the proposed strategy is faster and more accurate. The 

algorithm distinguishes the LOE fault from the stable power 

swing (SPS) and prevents the relay from malfunctioning. It 

also prevents damage to the generator if the LOE occurs with 

the correct operation. With the proposed method, the 

protection and security of the synchronous generator as the 

most important device of power grids increases, and the LOE 

detection time is reduced. 

APPENDIX 

System data 

Positive sequence equivalent impedance 0.0068+j0.096 p.u. 

(230kV, 200 MVA) 

System voltage 230 kV, L-L, RMS 

System frequency 60 Hz 

Generator data Transformer data Transmission lines 

S=200MVA, f=60 HZ 

H=3.2 s, V=13.8 KV 

Xd= 1.305pu, 

Xq=1.274 pu 

X'd= 0.3 pu, X'q= 

0.243pu 

X''d= 0.23 puX''q= 

0.24 pu 

T'do=5 s, T’qo=1.01 s

T d=, T q= 0.09s 

Rated power factor 

0.9 lagging 

Rated MVA 210 

MVA 

Rated voltage 

13.8/230 kV 

Uk=12.5 % 

Connection mode 

DY11 

L1=L2=100 km 

V=230 KV 

Z- = Z+

=0.042+0.139 

Ohm/Km 

Z0 

=0.159+0.736Ohm/

Km 
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In this paper, a new algorithm is presented to reduce the uncertainty effects of wind farms power generation (WFPG) and 

photo-voltaic generation (PVG) in both day-ahead energy and ancillary services markets. Firstly, this research tries to 

predict the uncertainty of short-term WFPG with acceptable accuracy. Indeed, it uses the hybrid method of wavelet transform 

(WT) in order to reduce the fluctuations in the input historical data along with the improved artificial neural network (ANN) 

based on the nonlinear structure for better training and learning. Furthermore, the imperialist competitive algorithm (ICA) 

is adopted to find the best weights and biases for minimizing the mean square error of predictions. 

In addition, regarding the high-level penetration of wind farms (WFs) on the power system, cascaded hydro units (CHUs) 

and pump-storage units (PSUs) are taken for the first time as supplementary units. Therefore, they are coordinated with WFs 

and photo-voltaic (PV) operations. Considering uncertainties of energy price, spinning and non-spinning reserves in the 

electricity market, WFPG, PVG and the availability of WFs, PV, CHUs and PSUs along with their effects on energy supply 

reliability lead to a scenario-based stochastic optimization problem. The aim of this problem is to increase the profit and 

decrease the financial risk (FR) of all of the units. The proposed method is implemented on WFs, PV, CHUs and PSUs of 

IEEE 118-bus standard system. Studying the results of profit and FR in the coordinated operation (CO) and the independent 

operation (IO) confirms that the profit is increased and the FR is reduced in the CO. Hence, the ability and merit of hybrid 

method of WT-ANN-ICA is verified. 
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),( tpvZCH
/ ),( tpvZDCH

 Charge/discharge state of energy 
saving battery  

NW ,
NPV ,

NPS ,
NH  Number of units 

),( tiUCOST
/ ),( tiDCOST

 Startup/shutdown cost of thi   

generation unit   
Rated power of W-th wind farm 

),,,,( hpspvPw sssss  Probability of each scenarios 
 

Efficiency factor   

NPS ,
NWS ,

NpvS ,
NpsS ,

NhS  Total number of scenarios  
 

Power delivered  

ps ,
ws ,

pvs ,
hs ,

pss  Index of scenarios  ),(),,(),,( tiCtiRtiR TST
,

),( tiCimb
  

Values of  total profit, revenue 

from selling, total generation 
cost and imbalanced 

revenue/cost  

),( tsE pP
  ),( tsE pSR

, 

),( tsE pNSR
 

Price of the market for energy, 
spinning and non-spinning reserve 

for ths p 
 scenario of 

price($/MW)   

),(),,(/),( tpsvinipsvendpsv

: 

Terminal/Initial reservoir water 
volume, reservoir water volume 

of thps   pump-storage unit 

)(/)( minmax psprpspr  Max/Min of water charge  rate in 

thps   pump-storage unit 
)(/)( maxmin psvpsv  Min/Max reservoir water 

volume limit 

)(),( minmax psgrpsgr  Max/Min of water discharge rate  ),(/),( tpsItpsI gp  Commitment condition of 

generating/pumping 

),,,,,,( tpssssss hpspvpw
gr   

),,,,,,(/ tpssssss hpspvpw
pr   

Generation-discharge/pumping-

charge water  
)(pg

min ps / )(pg

max ps  Min / Max power generation   

)(pp

max ps  Maximum purchased power of 

pumping operation 
),,,,,,(N.SR.on tpssssss hpspvpw

  

),,,,,,(N.SR.down tpssssss hpspvpw

  

non spinning reserve of 

up/down condition 

wA
, psA

, hA
, hB

 
Cost coefficients  

/  
Predicted/ Real value for in-th  

input 
g

tpssssss hpspvpw
SR ),,,,,,(

/

p

tpssssss hpspvpw
SR ),,,,,,(

 

spinning reserve of generation / 
pumping operation  

)( psQSC  Generation capacity in the rapid 
startup  

),(SR tps , ),(R PSC, tps / 

),(N PSC, tps  

Total spinning reserve, spinning/non 

spinning reserve bids  
),( tkPCH

BATT
, )(max kP CH

BATT
  Charging power of thk   

battery at hour t  and its 

maximum limit 

COSTBATT  The cost of buying energy for 

battery charging 
),(ENR tk   The amount of saved energy in 

thk   battery 

),( tkPDCH

BATT
, 

)(max kP DCH

BATT
 

Power delivered while discharging 

thk   battery and its maximum 

limit 

),ˆ( ˆ,hhh thQT  :  Discharge to thh ˆ  unit from 

turbine path of upstream thh   

unit  

hh
R

,ˆ
 The vector of reservoir connection, 

if thh    hydro unit is directly 

upstream of the thh ˆ   

),,,,,,( thsssssq hpspvpw
  

),,,,,,(/ thsssssS hpspvpw
  

discharge/spillage water volume 

from thh   hydro unit 

),( thu  Natural inflow of thh   hydro 

unit in Hm3/h 
hk1

,
hk2
, 

hk3
 Water to power conversion 

coefficients  

 

 

I. INTRODUCTION 

One of the main goals in countries with restructured 

electricity market where governmental support and subsidies 

are omitted is to establish a complete competition in the market. 

Additionally, lack of financial support from renewable 

resources like wind and photo-voltaic resources in one hand, 

and compulsory expansion of them due to environmental 

reasons in the other hand along with the uprising cost of fossil 

fuels could make this market unlikely prolific for the investors 

and producers. Therefore, optimal planning is of particular 

importance [1-3]. In [1], A chance-constrained model is 

developed to handle optimal operation and emergency 

conditions of Microgrid including renewable resources outage 

and unwanted islanding. An optimization method to optimize 

the parameters of the Microgrid controller in islanding mode. 

The controller optimal parameters have been obtained by using 

the particle swarm optimization (PSO) [2]. In [3], a method has 

been proposed that can be used to determine the location, 

power, and capacity of the energy storage systems with 

consideration of the technical and economic aspects, 

simultaneously. 

Owners of renewable resources need to predict the 

uncertainties for optimal planning such as WF power 

generation/wind speed [2-9], market price, and load 

forecasting. In [4] Autoregressive Moving Average (ARMA) 

was used to predict WFPG. In addition, [5] used adaptive 

neuro-fuzzy inference system (ANFIS) and [6] hired ANFIS 

and PSO together for prediction of WFPG. In [7], firstly, 

historical data of WF is decomposed using WT; then, WFPG 

)(WPWN



),( tKPDCH

BATT )(max KP DCH
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is predicted by ANN. This method is tested in two regions of 

china. Afterwards, comparing WT-ANN, ANN, and ARMA 

methods reveal that WT-ANN can significantly reduce the 

error in spite of ANN and ARMA methods. In [8], the optimal 

weights and biases of ANN are determined by genetic 

algorithm (GA), ICA, and ICA-GA methods; then tested on six 

specified data-bases. In the end, the obtained results confirmed 

that ICA has higher capabilities. Similarly, ANN is employed 

to predict WFPG and ICA, GA and PSO are chosen to 

determine the optimal weights and biases [9]. The prediction 

results were more satisfactory when ICA algorithm was 

utilized. 

The second solution for uncertainty reduction in renewable 

units including WF is to coordinate other energy resources 

which are quite expensive, but available and more reliable, 

such as PSU, CHU, gas turbines, combine cycle power plants 

and energy storage batteries. However, the share of these 

energy sources should diminish for many reasons [10]. In [11] 

the coordinated planning of WF, PSU, and thermal units is 

presented by the multi-stage stochastic planning and solved by 

scenario decreasing algorithm of PSO. In [12], the required 

reserve level is estimated in presence of high-level WF 

penetration. In [13], the optimal strategy of WF is determined 

in the real-time market. The wind speed and market price are 

predicted by ARMA. Also the expected profit is limited by FR 

and the required reserve is determined because of error 

prediction in WFPG. In [14], the coordinated planning 

problem of WF and thermal power plants is solved by artificial 

immune optimization method. This optimization method is 

implemented on a system including ten thermal power plants 

and two WFs. A mixed integer programing algorithm is 

adopted for period planning of operation status/shutdown and 

generating/pumping mode of PSU to maximize the profit in 

CO of WF and PSU [15]. A scenario-based and chance 

constrained optimization method is hired to consider the 

WFPG prediction error. The optimal coordinated strategy in 

stochastic planning for WF and CHUs is discussed in [16]. 

This stochastic planning is based on PBUC, and includes the 

imbalance cost in WF. A chance-based method is chosen to 

solve the optimization problem, and the results were compared 

with Monte Carlo method. Studying the risk and the limitation 

of FR in GENCOs is discussed in [17]. A rolling optimization 

method for WF coordination with the energy-storage systems 

in the day-ahead market is presented to increase the profit of 

these power plants. The CO and IO of a system including a WF, 

PSUs, and photovoltaic resources are compared in [18]. 

Predicting WFPG is carried out through ARMA method. The 

results show growth in profit and decline in FR of CO. The 

optimal cascaded hydro unit scheduling and biding strategies 

considering price uncertainty and risk management is analyzed 

in [19]. The optimal scenario-based operation management of 

Micro-Grid including WF, Photovoltaic, Micro-Turbine/Fuel 

Cell, and Energy Storage devices were studied in [20]. In this 

paper, the considered uncertainties are load, WFPG, 

Photovoltaic power generation, and market price. Optimal 

biding strategy model in an electricity distributed company in 

order to make maximum profit in a day-ahead market is 

considered in [21]. In [22], the reliability of WF in 

coordination with PSU in power system is estimated. This 

research uses a Monte Carlo simulation method to establish 

coordination between WF and PSU with an objective function 

to compute the adequacy indexes for one-year period.  

The presented issue, in this paper, can be shortly explained 

as follows: 

1-Prediction of WFPG via hybrid method (HM) of WT-

ANN-ICA. According to the studies in [7-9], prediction of 

WFPG using the proposed method can lessen errors of 

prediction in comparison to ARMA, ANN, WT-ANN, WT-

ANN-PSO, and WT-ANN-GA methods. Therefore, this 

approach may generate scenarios closer to reality and lead 

to the optimal programming. 

2-Generating the scenarios of WFPG, PVG, market price 

(energy, spinning reserve and non-spinning reserve) and 

decreasing the scenarios with the Scenario-reduction 

backward method, availability of WFs, PV, CHUs and PSUs, 

and modeling them by scenario tree method. 

3-The coordination programming of WFs, PV, CHUs and 

PSUs, by considering constraints of these units and the 

uncertainties of WFPG, PVG, market price and availability 

of WFs, PV, CHUs and PSUs. 

4-Studying the expected profit and FR in the CO and IO of 

all four unit types with and without considering the 

availability.   

 

II. THE PROPOSED METHOD 

The proposed algorithm for programming of generation and 

unit commitment of WFs, PV, CHUs and PSUs including two 

WFs, one PV, three CHUs and three PSUs in both CO and IO 

states in both day-ahead energy and ancillary services markets 

is shown in Fig. (1). 

A. Publication Prediction and scenario generation 

a) WFPG prediction using HM of WT-ANN-ICA: The 

proposed method for prediction of WFPG is depicted in Fig. 

(1). First, it is assumed that the prediction for d-th day can be 

done and historical data is available for every hour of 24 hours 

since 100 days ago. 

Stage 1: data homogenization: the historical data is recalled 

and normalized to improve data homogenization through 

MinMax normalization method. 

Stage 2: Data Processing Using Wavelet Theory: the 

components and features of data can be extracted via 

mathematical equations. More specifically, the components 

and features of time and frequency domain of data signal can 

be extracted using wavelet technique. The basic equations of 

WT are as Eq. (1), (2). 
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(1) 

 

(2) 

 

Where, ψ (a,b) is wavelet function and f(t) is input signal on 

which wavelet function is done until resulting the WT (a,b) 

signal. Also a and b are the parameters related to the WT which 

depend on the kind of wavelet function. The approximated 

values are again decomposed after some iterations; therefore, 

the signal is decomposed into smaller parts [7, 23]. In Fig. (2, 

a) the output power of wind farm 1(WF1) is shown along with 

its WT signal for every hour of the past year. WT is useful here 

to suppress the disturbances in historical data and to alleviate 

the fluctuation of input data. A fast technique to execute WT 

has been used, which contains two stages: decomposition and 

reconstruction. At first, the original wind data series is 

decomposed into one approximation series and some detail 

series. Next, detail and approximation series are assembled 

back into the original series. More mathematical details of the 

technique can be found in [20]. Fig. (3) depicts the 

corresponding wavelet decomposition. The input data is 

decomposed into three approximated components (Dh1, Dh2, 

Dh3) with lower accuracy along with a more precise 

component (Ah) which plays the most important role in the 

prediction process. 

Stage 3: Artificial Neural Network (ANN): McCulloch and 

Pitts tried to simulate the ANN by a logical model for the first 

time but today it is widely used in many fields. The chosen 

ANN here in this paper comprises three perception layers 

(multi-level perceptron method); the output layer with one 

neuron, the input layer with five neurons, and the hidden layer 

with three neurons. This ANN can predict the information of 

hours d(t+1,……t+24) for the output signals of WT as the 

initial data. 

Stage 4: Imperialist Competitive Algorithm (ICA): ICA is a 

new optimization strategy based on political and social 

evolution of human. More precisely, this algorithm is the 

mathematical model of social-political process of imperialists.  

Basically, GA and PSO are inspired of biological evolutions, 

chromosomes and particles, to determine the best solution. 

However, the source of inspiration in ICA is the social-

political evolution, and it uses colonies (countries) as the 

variable for finding the optimal solution [8, 9]. The steps of 

ICA can be summarized as follow: 

- Creating the initial colonies: according to the neural network 

input signals (Ah,Dh1,Dh2,Dh3), and the five neurons in the 

input layer (IL), three neurons in hidden layer (HL), and one 

neuron in output layer(OL), the matrixes of weights (W) and 

biases (B) are respectively. 

- Hence, each colony constitutes 47 variables. Initial colonies 

are selected randomly through specific range based on initial 

training of ANN. Then, regarding the cost function based on 

decreasing the prediction error, the optimization of weights 

and biases are performed within the neural network for better 

training. A multi-layer feed forward neural network is 

considered to predict the wind power. Since the input data and 

target data of the system are normalized between -1 and 1, 

Tan-Sigmoid transfer function is used in the neurons of 

hidden layers. The linear transfer function is also used in the 

neurons of output layer. The proposed neural network is feed 

forward with one hidden layers trained by ICA. Table 1 

represents Layer’s transfer functions of neural network layers 

and number of layer’s neurons. Table 2 represents the 

characteristic of neural network. The cost function here is 

mean square error (MSE) which is implied as Eq. (3). 
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TABLE I 

Number of Layer’s Neurons and Layer’s Transfer Function of Neural 

Network 

Number of 

Layers 

Number of 

Neurons 

Transfer 

Function 

1 5 Tan-Sigmoid 

2 3 Tan-Sigmoid 

3 1 Liner 

 

 

TABLE II 

 Characteristic of Neural Network. 

Network Type Feed Forward 

Training Function Gradient Descent Momentum 

and an Adaptive Learning Rate 

Adaption Learning Function Gradient Descent Weight and 

Bias 

Performance Function Mean of Squared Errors 
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Fig. 1: The flowchart of the proposed method 

 

- Selecting the imperialist: in this stage the colonies which 

have minimum cost are selected as the imperialists. 

- Allocating the other countries as the colony to the 

imperialists: in this step, some colonies are allocated to each 

of imperialists and empires. This allocation is done 

according to imperialists fitness (fewer cost) by stochastic 

universal sampling method. The stages of 1-3 are the 

initialization stages of ICA. 

- Performing the act of assimilation or absorption policy: in 

this stage, each of the colonies is moved towards the 

imperialist in each empire. This stage proceeds to improve 

the exploitation of algorithm.  

- Performing the act of revolution: In this stage, the random 

changes are applied on each of the colonies. This action can 

improve the exploration of algorithm, and prevent from 

involving the optimization in the local optimal points. 

- Computing the cost of colonies and imperialists 

- Comparing the cost of colonies with imperialist in each 

empire: if a colony has a lower cost than the imperialist, it 

will take its place. 

- Evaluating the empires: the cost for each empire is 

computed according to Eq. (4). 

 

(4) 

where: NCLO is the number of colonies. 

- Decreasing the colonies: in this stage, a colony is omitted 

from the weakest empire and transmitted to another empire by 

roulette wheel method. According this method, the empire 

with the lower cost has more chance to seize the colony. 

-Omitting the empire: if the weakest empire has no colony, the 

related imperialist will be transmitted to another empire as a 

colony. 

Stage 5: Studying the termination condition: the stop condition 

is set based on the number of iterations obtained by trial and 

error method. If the stop condition of program is satisfied, the 

results move to the scenario generation stage; otherwise, the 
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algorithm returns to (4) to generate new colonies. ICA 

flowchart is illustrated in Fig. (4). WFPG prediction curves are 

shown in Fig. (2, b-c). 

b) Generating scenarios for WFPG, PVG and market price: 

After predicting the uncertainty variables, the predicted error 

of each one is considered with a known probability distribution 

function. This distribution function is discretized to N parts 

with the mean of zero from the center with the width of α. It is 

allocated to the occurrence probability and specific error 

percentage for each level as shown in Fig. (5). The probability 

of each occurrence is normalized so that their accumulated 

distribution function is equal to 1. Then a number is randomly 

selected for each uncertainty variable and each time interval by 

roulette wheel method; hence, an intended scenario is 

generated. 

The rate of each scenario is obtained by the sum of the error 

and the predicted amount of variable [20]. Eq. (5) shows the 

amount of scenario for the WFPG. Consequently, 500 

scenarios are generated for each WFPG, PVG, and market 

price. 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

Fig. 2: (a): The real output power after noise removal by WT in a 

period of one year of WF1. The output power measured and 

predicted by methods of WT-ANN and WT-ANN-ICA related to 

(b):WF1 (c):WF2 in d=101. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Wavelet decomposition 
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c)  Backward method scenarios reduction: For modelling all 

three uncertainty parameters including WFPG, PVG and 

market price many scenarios are generated. However, the huge 

number of scenarios makes it burdensome to solve the 

stochastic problem. In order to solve this problem, the number 

of scenarios should decline by the backward method. The basis 

of this method is to merge the scenarios with close probability 

into one. This process could continue until reaching the 

favorable numbers [18, 20]. In this research, the number of 

scenarios abates down to 10 for each state. WFPG scenarios 

are shown in Fig. (6). 

 
Fig. 4: Flowchart of ICA 
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Fig. 5: The probability density of function of the WFPG, PVG 

and market price. 

 

 

 

 

 

 

 

 (a) 

 

 

 

 

 

 

 

(b) 

Fig. 6: WFPG scenarios (a):WF1 (b):WF2. 

 

d)  Modelling of the units availability uncertainty: An 

important issue in a restructured market is the reliability and 

availability effects on the behavior of generation unit owners. 

In fact, the reliability of the overall system may not be of 

concern; however, the main objective of these owners is to 

maximize their own profit. Hence, the owners need to pay 

extra attention to availability and reliability of their proposed 

generation values. A scenario-based method is proposed to 

generate the units’ availability scenarios. In this paper, the 

two-stage Markov model is selected. Since the operation of 

each WFs, PV, CHUs and PSUs in each hour is dependent to 

the system operation at the previous hour, Monte-Carlo 

simulation method is employed for generating the availability 

scenarios of WFs, PV, CHUs and PSUs. Therefore, availability 

scenarios of each unit in each hour (5 scenarios for each unit) 

are achieved based on random numbers between 0 and 1 with 

normal distribution. 

Then, each of these random numbers is compared with the 

force outage rate (FOR) of the intended unit. If the intended 

random number is greater than FOR, the unit is available in 

that scenario and hour. Otherwise, the unit is not available by 

the number of hours of mean time to repair (MTTR) in that 

scenario. Practically, if a unit is switched off because of the 

failure, it will not be available until the complete repair [22]. 

After determining the availability/unavailability of each unit in 

each scenario and hour, the capacity of generation units is 

achieved from aggregating of available capacity in each unit. 

 

B. Coordinated operation (CO) of WFs, PV, CHUs and 

PSUs 

In the day-ahead market, GENCOs and consumers submit their 

bids to ISO according to the predicted market price and 

demand. In this condition, the profit of generation units is 

determined with regard to the market clearing price, operation 

cost, imbalance revenue/cost, proposed energy, and delivered 

energy as Eq. (6). These parameters are computed in Eq. (7)-

Eq. (9) [13, 15]. Where Eq. (7), shows the revenue earned from 

the sold energy equal to ),( tiPS
 with price )(tEP

. Eq. (8) also 

shows the operation cost as a function of unit generation power

),( tiPG
. Eq. (9) shows the imbalance revenue/cost of unit as a 

function of difference between proposed and generation 

(delivered) energy )),(),(( tiPtiP GS  . Eq. (10) indicates 

imbalance revenue/cost function. Where )(t  and )(t  are 

variously defined in different markets. In this paper, the 

relation between imbalance penalty factor and generation 

power is illustrated as Eq. (11). In Eq. (11)   is a number 

between zero and one, also three variables )(tPG
 ، )(

~
tCimb

, 

and )(tEP
are unknown before the energy delivery time. These 

three variables cause uncertainties and risks in programming. 
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a)  Problem modeling of unit coordination programming:  

In this section, an optimal bidding strategy is modeled and 

analyzed. The objective function of this optimization problem 

utilized for the first time is as Eq. (12). The aim is to maximize 

the expected profit (difference between incomes and costs (Eq. 

(13)) of units considering constraints related to unit usages. 

The revenues are earned from selling energy and reserve 

delivered to the market. In fact, the revenue from generation is 

more than the proposed amounts to the market (positive 

imbalance revenue) by all of the units (Eq. (14). Also the costs 

include the expenditure of operation, startup and shutdown, 

purchased power of PSUs in the state of pumping operation, 

the cost of battery of PV resources and also imbalance cost as 
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Eq. (15), Eq. (16). 
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Where:        

a) Constraints of the proposed optimization problem: 

1. General constraints:  

- Maximum energy propose limit (Eq. (A.1)). 

- Available output generation power of the CO (Eq. (A.2)). 

2. Constraints of PSUs: 

-Produced/consumed power of PSU in Generation/pumping 

operation: (Eq. (A.3). 

- Balance of water constraints: (Eq. (A.4), Eq. (A.5)). 

- Upper/lower water reservoir volume limits: (Eq. (A.6), Eq. 

(A.7)).  

-Initial /terminal water reservoir volume: (Eq. (A.8)-Eq. (A.9)).   

- Charge/discharge of water limits: (Eq. (A.10), Eq. (A.11)). 

- Proposed power to the energy and ancillary services markets 

limits: (Eq. (A.12), Eq. (A.13)). 

Non-spinning reserve limit in down state: (Eq. (A.14)). 

Operation in pumping /generating mode: (Eq. (A.15)). 

-Reserve power supply generated in pumping mode: (Eq. 

(A.16)). 

- Proposed spinning/non-spinning reserve limits: (Eq. (A.17), 

Eq. (A.18)). 

3. WFs constraint:  

- Wind power generation limit: (Eq. (A.19)). 

4. CHUs Constraints: In this section, the programming 

constraints used in this paper are presented. These constraints 

consist of both electrical and hydro operation parts. Because of 

the complicated nature of stream on a reservoir, a matrix model 

is assumed [26]. In this matrix model indicates each variable 

of charge and discharge water from the dam, turbine, and units. 

Subsequently, two main variables in the matrix modeling 

constraints of hydro system are taken as Eq. (A.20). 

It should be mentioned that unit is directly upstream of unit 

(Eq. (A.21)). 

- The balance constraint of water for CHUs: According to this 

constraint, the volume of water stored in hydro unit at hour   

is obtained based on the reservoir water volume at hour, the 

reservoir natural inflow at hour, the reservoir discharge, and 

the reservoir spillage at hour (t-1), as Eq. (A.22): 

- Water discharge rate limit: (Eq. (A.23)). 

- Reservoir water volume limit: (Eq. (A.24)). 

- Initial /terminal reservoir water volume: (Eq. (A.25)). 

- The generation power of CHU: (Eq. (A.26)). 

- Ramping up/down limits: (Eq. (A.27), Eq. (A.28)). 

- Water spillage limit: (Eq. (A.29)). 

- Operation status/shutdown state: (Eq. (A.30), Eq. (A.31)). 

5. PV Constraints: 

- Limits on the battery of the photo-voltaic unit while getting 

charged and discharged: (Eq. (A.32), Eq. (A.33)). 

- Charge/discharge switching constraint: (Eq. (A.34)). 

- Initial / terminal energy of the PV: (Eq. (A.35)). 

- Amount of saved energy in the battery: (Eq. (A.36)). 

- The power generation of the photo-voltaic unit and battery: 

(Eq. (A.37)). 

 

C. Coordinated operation (CO) and independent operation 

(IO) without considering availability 

In order to consider an independent or coordinated planning of 

units without reliability, uncertainty parameters are WFPG, 

PVG and market price (
pvpw sss ,, ) and the availability of the 

units are taken constantly equal to 1 ( ). First, 

the objective function of each type of unit and related 

constraints are optimized separately. Then, the generation bids 

and in turn the expected profit and FR are calculated. 

This process is repeated for CO, so that the objective function 

of WFs, PV, CHUs and PSUs units (Eq. (12)) is optimized 

considering constraints of all four unit types in parallel with 

other constraints forced by CO. Afterwards, a generation bid 

 )().,()().,()().,(),( tPtsEtPtsEtPtsEtsR NSRpNSRSRpSRSpPpS 
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is offered to ISO, and WFs, CHUs and PSUs will participate 

in a day-ahead energy and ancillary services markets 

considering maximum generation power of each unit. In this 

case, the expected profit and FR are calculated and compared. 

This optimization problem is solved using GAMS / CPLEX 

software. 

D. Coordinated operation (CO) and independent operation 

(IO) considering availability 

Due to the increasing number of units and generation volume, 

reliability and availability of each unit may have a great effect 

on determine the biding strategy of WFs, CHUs and PSUs in 

CO and IO. 

In this case, uncertainty parameters are WFPG, PVG, market 

price and availability of WFs, PV, CHUs and PSUs 

(
hpspvpw sssss ,,,, ). 

III. NUMERICAL EXAMPLE 

The improved IEEE 118-bus standard system contains two 

WFs, one PV, three CHUs and three PSUs. The WFs nominal 

power rates are 300max MWP  and 10min 
MWP . IEEE standard 

values are assumed for the historical data of WFPG. The PV 

nominal generation power is 0,68.4 minmax  MWMW PP and

75.0 . The CHUs nominal power limits are

9,70: minmax1  MWMW PPH  , 4,70: minmax2  MWMW PPH   and

17,115: minmax3  MWMW PPH , where, H1 and H2 are upstream 

units of H3 as shown in Fig. (7). Besides, their additional 

information is listed in [16]. The information related to PSUs 

is presented in [25]. In this paper,   is equal to 0.9. Finally, 

the market price data are available in Fig. (8). 

a. Without considering availability: The generation bids of 

CO and IO of units and the expected profit of CO and IO of 

units are shown in table (3) and table (4) respectively. Without 

considering reliability through WT-ANN-ICA method, the 

expected profit in CO (WFs, PV, CHUs and PSUs coordinated) 

is $198318.3, which is increased by $15764.84 in comparison 

with sum of expected profit in IO. Using WT-ANN-ICA 

method is more accurate comparing with WT-ANN method in 

which the mathematical expected profit is respectively 

increased to 7034.47 and $4292.8 for IO and CO. 

 
Fig. 7: Hydro system configuration used in this study 

 

b. With considering availability: The energy generation bids, 

when availability is taken into account in some hours, are less 

than its amounts without considering availability as listed in 

table (3); indeed, they may downsize the expected profit. 

These are the same expected results because if availability is 

considered the less number of units are available in some hours. 

Since FOR of WFs are quite low, in most hours, WFs bids are 

the same in two states.  

Considering reliability and using WT-ANN-ICA method, the 

expected profit can increase to the rate of $13474.32 in CO 

(WFs, PV, CHUs and PSUs coordinated) than IO as displayed 

in table (4). It is observed that the expected profit when 

availability is ignored is more than the state where availability 

is taken into account. 

The sum of expected profits gained by CO of three types of 

generation units and the other type of unit, are also given in 

table (2). The obtained results confirm the growth of profit in 

CO of four unit types. 

 

c. Financial risk (FR) 

Because risk assessment is one of the important quantities 

in environments involving uncertainties [26], In order to study 

the imbalance revenue/cost, which is one of the main factors 

of FR in the proposed model, imbalance revenue is provided 

in a table (5). Vividly, its value is elevated in CO comparing 

with IO. Using WT-ANN-ICA method, imbalance revenue 

decreases in both CO and IO. Obviously, when the generation 

units fail in delivering scheduled power, they will get penalties; 

on the other hand, if they generate more than enough, they will 

get paid in lower prices. 

 

 

Fig. 8: The forecasted market price (energy price, spinning reserve and non-spinning reserve) and their variance. 
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TABLE III 

Power generation bids (MW) of WFs, PV, CHUs and PSUs in CO and IO with and without availability using WT-ANN-ICA method 

With availability Without Availability Reliability 

CO 
IO 

CO 
IO State operation 

PSUs CHUs PV WFs PSUs CHUs PV WFs Time Load 

248 -26 93 0 171 240.5 -36 93 0 171 t1 250 

46.5 -98 57.6 0 84 129.1 -98 57.6 0 171.5 t2 180 

22 -98 26 0 84 85 -98 26 0 171 t3 185 

24.5 -98 27.3 0 83.5 110.7 -98 27.3 0 170 t4 190 

125.5 -68 30.3 0 168.5 115.6 -98 30.3 0 168.5 t5 195 

125 -98 40 1.008 168.5 125 -98 40 1.008 168.5 t6 200 

239.7 2 57.7 1.548 167.3 259.5 12 57.7 1.548 167.3 t7 260 

178 -89 80.1 1.95 168 178 -89 80.1 1.95 168 t8 250 

256.1 -16 101.5 0 166.5 310.5 44 101.5 2.002 166.5 t9 310.5 

355 68 111.2 0 165.5 349 58 111.2 2.56 165.5 t10 355 

355.5 58 118.9 3.2 165 355.5 58 118.9 3.2 165 t11 355.5 

361 58 121.5 4.12 165 361 58 121.5 4.12 165 t12 361 

295 58 63.5 4.68 164.5 349.5 58 124 4.68 164.5 t13 350 

300.5 58 65.7 4.61 165.7 365 58 126.2 4.61 165.7 t14 365 

375.2 62 130.7 4.2 163 371.4 58 130.7 4.2 163 t15 375.5 

329 58 109.4 3.31 163.6 380.6 58 145.87 3.31 163.6 t16 381 

341 58 110.5 3 164 378 58 147.3 3 164 t17 378 

393.1 68 148.9 2.145 163 382.3 58 148.9 2.145 163 t18 394 

298 -16 152.6 1.45 159.5 281 -36 152.6 1.45 159.5 t19 390 

431.5 98 162.5 0 161.5 431.5 98 162.5 0 161.5 t20 395 

386.8 58 162.8 0 161 386.8 58 162.8 0 161 t21 390 

395 68 162.8 0 159 395 68 162.8 0 159 t22 395 

308.8 -4 140.1 0 158.6 308.8 -4 140.1 0 158.6 t23 380 

358 68 120.5 0 158.5 349 58 120.5 0 158.5 t24 360 

 

TABLE IV 
 Expected profit in CO and IO with and without availability using WT-ANN-ICA and WT-ANN methods 

 

TABLE V 

Imbalance revenue ($) in CO (WFs+PV+CHUs+PSUs) and IO using WT-ANN-ICA and WT-ANN methods 

 

 

IV. CONCLUSIONS 
 

In this paper, two methods were proposed for decreasing 

WFPG and PVG uncertainty as a main factor of decreasing 

profit and increasing FR. 

 The first method, HM of WT-ANN-ICA, tries to predict 

more accurately and improve short-term errors of WFPG. 

Proposed method results in less error prediction than previous 

studies. Therefore, more real scenarios might be generated 

with a greater probability and WFs optimal programming is 

done more accurately. As a result, the expected profit may 

enhance.  

Expected Profit (USD) 

With Reliability Without Reliability 

WT+ANN+ICA WT+ANN WT+ANN+ICA WT+ANN 

90389.54 86175.65 94208.77 89915.82 WFs  

 
IO 

 

955.7 955.7 1068.28 1068.28 PV 

62671.24    62671.24         74525.01 74525.01 CHUs 

12307.9        12307.9       12751.4 12751.42 PSUs 

166324.38 162110.49 182553.46 178260.57 Total 

171265.45 166523.1 188355.37 182378.65 (WFs+PV+CHUs)&PSUs 

CO 175434.6 170272.6   192123.42 186856.3 (WFs + PSUs+PV)&CHUs 

179798.7 174183 198318.3 191283.83 WFs+PV+CHUs+PSUs 

With Reliability Without Reliability 

WT-ANN-ICA WT-ANN WT-ANN-ICA WT-ANN 

CO IO CO IO CO IO CO IO State Operation 

22417.84 28721.33 25018.52 22008.45 25863.65 21162.3 28904.77 24946.63 Imbalance revenue 

Not studied 
24639.9 20771 28585.21 24396.54 [16] 

25761.2 21082 25311.74 24435.76 [18] 
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In the second method, for the first time, establishing a unit 

commitment policy among WFs, PV, CHUs and PSUs, the 

uncertainty and FR of WFs can diminish using two pumping 

and generating PSUs and CHUs. Indeed, CHUs utilization 

occurs when PSUs generation mode does not have enough 

capacity while WFPG and PVG drops severely. In addition, 

considering shift capabilities of WFPG and PVG based on 

PSUs and CHUs capabilities during peak time, the profit of 

these units might accrue in comparison with IO. 

In the end, probabilistic programming model of WFs, PV, 

CHUs and PSUs with consideration of reliability is presented. 

Since the generation bids are based on this model, it is possible 

to achieve them in real time generation with acceptable 

reliability. 
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