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Designing an Indirect Adaptive Multiple
Controller for LTI Systems with Large

Time-Varying and Unknown Delays in Control

Input Based on Online Estimation of Delay by
Kalman Filtering
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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
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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
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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
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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 Il introduces the structure of the plant, and
then Section Il 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.

Il. 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(f) = A, X(t) + Byuc(t — d(t)) O
y() = CeX (1)

P(s,t) = G(s)e ?®s 2

in which t is the variable of real-time domain, X(t) € R"

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

control input and plant output, respectively, and Ay, B, C,

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) = Cy(sl —Ay)'B, (3)

In addition, the e%®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<dpn<d@®) <dpg <»

2- —o<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.

I1l. 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 (d(t)).
T&(t)

> Time Delay Estimator

Plant

control signal : w.(t) plant output : y(t)

P(s)=G(s)e~54(®)

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].
1_2

S
C'(s)= —
1+

dg
2

, d=d(t) @

Substituting Eq. (4) in Eq. (2), the system transfer function
will be as follows:

P(s) = G(s) — ©)

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,
A,,B,,C, 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) = A,(d).Z(t) + B,(d).u(t) ©)
y(&) = Cp(d). Z(t)
Where Z(t) € R™1! is the P(s) system state variables
vector, and  A,(d), B,(d),C,(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).

d
1-=s
S
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wi(£) = 2,(8) = fi(wy (O, Wy (8), e, Wiy (), Wiy (6)) +
g1 (W1 @), wo (£), ooy Wi (8), Wiy (8), u(t)) +v.(t)

Wn+.1 ® = n+.1(t) = fn+1(W1 (), Wy (0), oo, Wiy, (B, Wn+2(t)) + (7)
In+1 (W1 (), wo (£), ooy Wi (8), Wiy (8), u(t)) + Vnit (8)

Wn+.2 ®)=d (t) = fosz (W1 @), Wy (8), ooy Wiy (8), Wiy (f)) +
In+2 (W1 ©, Wy (), oo Wiy (), Wi (0, u(t)) + Vny2 (1)

y(©) = h(wy (), Wy (©), oo, Wy 1 (O, Wi () + (0)
Wiy = F(Weo) + G (Wi, u(®) + Ve, ®
y(@®) = h(Wy) +n(t)

Comparing Eq. (7) and Eq. (8), G(.)and F(.) matrix
functions and also Vi, 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 [V I=(e{® ]

multi-controller  Switching

i Mechanism | |

...........

—— &
I || Estimator | |

parameters vector

Controller 2
X

+Controller Nt Supervisor

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 |
(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, M; shows the center of the
i sub-band.

Main Delay Band

e

Sub-Band1 Sub-Band2 Sub-Band N-1 Sub-Band N

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.

J@(y(®) = ug(®)” + Buc(t + At) —uc())Hde  (9)

Where a and B 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.
u.(t), is a linear and weighted combination of the output of
all multiple controllers.
{uc(t) = AT x U(t) = T, au;(t)
A=la; a; ... ay]" , UQ) = [us () up(t) ... uy(®]"
(10)
Where u;(t) is the i controller output at time ¢, N is the
number of multiple controllers, and a; is the weight of the
i*" controller, which is obtained from Eq. (11):

e bi

a; = 25.‘1=1e_b1' (11)
Whereb;, at any moment of time, is obtained from Eqg. (12).
b = [K(d(®) - M) (12)

Assuming that the main uncertainty band for a time delay is
partitioned into N sub-bands, in Eq. (12), M; will be the
center of the i™ 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 %

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
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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].

3(1+s)

— sxd(t)
P(s,t) (1425)(1+35) € (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
Apin = 0.65[s] <d < dpq = 4.65[s]. Given that Eq. (4)
is used for time delay factor approximation, P(s) could be
rewritten as Eq. (14).

—0.552+ l—() 5 s+l
S Cross)s Zf(ﬂjo L (14)
By writing an observer canonical realization for the above
system, the state space equations of this system will be

obtained as follows:

P(s,t) = -

—0 33

z@®)] e a 21 ® i
7,(t) 1 0 —(—+o17) zz(t) +]1_os5|u®

7(0) 0 1 —CG+083) | Z3(t) d—0.5 (15)
I Zl(t)
[y =10 o 1]|z®
{ 25(0)

Considering d(t) as the fourth state variable (d = w,(t)),
and defining w,(t) = z,(t), w,(t) = z,(t), w,(t) = z,(t),
nonlinear state space equations for this system are obtained
according to Eq. (16):

. _ —=0.33wz(t) u(t)
[ wi(t) ===t g T n®

wy () = wy (t) — ( 165) +0. 17) ws(t) + ( —0.5)u(t) +v,(6)

ws(t) = w,(t) — (W +0.83) wy(¢) - O.Su(t) +v3(0)

w, (£) = v,(t)

y(®) = 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 Eqg. (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
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real delay of the system equals d(t) = 2.65 + 2 sin(0.025mt).
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.

(?)

7

°

o 4N v s oo

Real Delay and Estimated Delay

L . ! ! L L L L
o 20 a0 60 80 100 120 140 160 180 200
time [s]

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.
TABLEI
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:

065<d<165 - M =115
1.65<d <265 — M,=215 an
265<d <365 - M, =315
365<d <465 - M, =415

As was mentioned in Section IV, M; is the center of the it
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 f0||OWS'

PID,(s) = Kp; + K,1 -t Kpys

PID,(s) = Kp, + K12§+ Kpas

1 (18)
PID;(s) = Kp3 + K5 -+ Kpss

LPID,,,(S) = Kps + Kia =+ Kpas
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Where PID;(s) is the i'™ controller transfer function
(fori=1,..,N=4). In Eq. (18) Kp;, Kp; and K,; are
proportional, derivative, and integral coefficients for the i
controller, respectively. Also according to Eqg. (10)-(12) in
Section 1V, the supervisory rule for switching the above
controllers will be as displayed in Fig. 5 where it is assumed
that K =1 isassumed.

:

L+
L.

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:
PID;: Kp, =0.74 ,K;; = 011 ,Kp; = 0.12
PID,: Kp, =0.55 ,K;;, =0.08 ,Kp, = 0.25
PID;: Kp; = 0.25 ,K;3 =0.06 ,Kp; =0.11
PID,: Kp, =017 ,K,, = 0.04 ,Kp, = 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.

Nyquist Diagram

Imaginary Axis

18 2 28 3

08 1
Real Axis

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 Eqg. (20) and (21),
respectively.

PID for dym: Kp = 0.68 ,K; = 0.20 ,Kp = 0.10  (20)
PID for dygy: Kp =019 ,K, =0.04 ,Kp =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.

{a) : PID Contraller - Tuned for Minimum Delay

U.R(l] & y(v

] 2‘0 Aln 6‘0 SID m‘o 11“0 1;0 1(-‘30 1;0 200
time [s]
Fig. 7. The closed-loop system response depending on different

controllers.
(@)

ug(t): Control Signal Variation
o
°
L E L

.
0 20 40 60 80 100 120 140 160 180 200
time [s]

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.

s (a) : Multiple Model Adaptive PID Controller-Soft Switching-LKF Delay Estimator

[T

.

7 A

v v \"4 v
5L

uR(U & y(t)

Fig. 9. The closed-loop system response for the proposed
controller, with soft switching, in the presence of the two
proposed estimators.
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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 = —F_o(y(kT) — up(KT))? (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 = = XR_, (uc(KT) — uc((k — 1)T))? (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 Il and Ill present MSTE and MSCV
for all control systems included in this study, respectively.
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TABLE I
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 1

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 d(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.

o
Minimum GM=7. Mf{

Bode Diagram

Estimated Delay=0.65
Estimated Delay=1.65

Estimated Delay=4.65

e (B)

Magnituds

45 PM>0

Phase (deg)

i e »I .
! ~ ™ J

10" 10° 10! 102
Frequency (rad/s)

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 Il 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
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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

fCorresponding Author: javad_keighobadi@yahoo.com
Department of Electrical and Robotic Engineering, Shahrood
University of Technology, Shahrood, Iran

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:

e 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.

e 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.

e 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.

e 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.

Il. 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

D(@i+Clg.q)g+Glg) =7 )
where q,q € R™ and § € R™ are the joint positions, the
vector of joint velocity and acceleration, respectively.
D(q) € R™™ represents the inertia matrix, C(q.q)eR™™ is
the Coriolis and Centrifugal torques, G(q) € R™ is the
vector of gravitational torques and t € R™ represents the
vector of the joint torque provided by electrical motors as
follow

]mém + Bmém +rr=1, @

where J,, and B,, are the inertia and damping diagonal
matrices for the motors. The motor torque (z,,) is produced
by the motor current (I,) regarding the following equation
as
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Tm = Kinlg
in which K, is a diagonal constant matrix. The proportion
of motor position vector (8,,) to the joint position vector is
introduced as

q=10pn = Op= r_lq (4)

where r € R™™ is the gear coefficient matrix. Substituting Equ.
(3) and the derivatives of Equ. (4) up to the second order into
Equ. (2) results in

Jm? Y4 + Bpr g + 17 = Kl — (5)
4= ~Jm'Bnd + 1) Kmla — %'t
The voltage of motors is considered as the control inputs. The
electrical dynamic of motors is represented as
V =Rl + Liy + kpby + (&) + F(G) ®)

where k,,R and L are n xn diagonal matrices for the
back-emf constant, the resistance and inductance of motors,
respectively.  Moreover, ¢(t) stands for external
disturbances while the un-modeled dynamics are represented
by F(q). Equ. (6) can be written as
I, =L — LRI, — L Ykyr=1q — L~(p(t)
+F@) @

By defining the state vector as X = (g, ¢,1,)Tand using Equs.

(1), (5) and (7), the state-space model of the integrated
robotic system is introduced as

X1 =X
Yo = ~Jm' BiXz + 1) Kz = 7%J (D(9)§

+C(q.-9)q + G(q) 8)
%3 = —L'Kpr'x; — L7'Rx3 + L7V — L_l(d)(t)

+F(Q)

For the sake of simplicity, Equ. (8) is formed as
X1 =X
Xy = —ayxy + axx3 — 3t (D(Q)G + C(q.9)q
+G() 9)
X3 = —azx; — Agx3 + asu — as(pt) + F())
where
Ay = ' Bm s @ = 1) K a3 = LK™,
— -1 _ -1 (10)
a,=L"'R,as=1L
With respect to the nominal values of the weighted functions
(ay, ..., as), Equ. (9) can be expressed as
X1 =X,
Xy = =A%, + Qyx3 + d;y
X3 = —Q3x, — Aux3 + Asu + d,
where @, ..., ds are the nominal values and d; and d, are
represented as
dy = =2 1 (D(@d + C(q.9)q + G(@)
+ (@1 — a)x; — (@ — az)x3 (12)
d, = —as(p(t) + F()) + (@5 — az)x,
+ (@4 — ag)xz — (@ — as)u

1)

The terms D(q),G(q),C(q,¢),F(g),o(t) and the
differences between the real values and the nominal values of
the weighted functions are included in the lumped
uncertainties d, and d, as described by Equ. (12) and
considered in the state space model Equ. (11). Note that
a;,i=1,..,5 are known constant matrices, however
d;,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:

n=fm+gmi+d

; 13

¢ = fu0) + galn Ou + dy (13)
where

77 = (2):( = X3,

x 0

1 = (Lan,) » 9 =(g.), (14)

fam, Q) = —Q3x; — Ay4x3,

9o, Q) = as

I1l. 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.

Stepl) The position error is defined as

€1 = X1 — X14 (15)

where x;, is the desired angle and e; represents the
tracking error. The derivative of e, is defined as

€ =X —X1g = X3 — X194 = € (16)

For the first subsystem, the Lyapunov function is suggested
as

1
V1 = Eefel (17)
Taking the derivative of V; results in
V1 = e{él = e’lrez (18)

while the virtual control signal is chosen as e, = —A,¢e;, the
first subsystem become stable (V, = —ef A,e; < 0).
Step2) We define z for the second subsystem as

Z=e + /1161 (19)
where A, 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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Z= éz + Alél = (—alxz + ﬁ2x3 + d1 - jéld) + /112

- /1%61 (20)
The Lyapunov function is defined as
1 1. .
V2 = Vl + EZTZ + Ed{]/_ldl (21)

where d, =d, —d, . Thus, the derivative of V, is
calculated as

Vo=V, +2zT2— &{yl‘lél (22)
Substituting Equs. (18), (19) and (20) into Equ. (22) is
written as

VZ = eI(Z - /1161) + ZT(—ale + de3 + dl - "Eld

- X 23
+ 012 — Afey) — dlyy td, @3)
Now by defining the e; = x; — x34 , V, is rewritten as
V,=—elle, +elz— &fyl‘lﬁl
+ZT(—d1x2 + a2€3 + @2x3d + d1 - 5c'1d -+ Alz (24)
- /1%31)

X34 IS regarded as the virtual control input which can be
chosen as

X34 = (az)_l(aﬂcz +kg—hz+ A e —e — Az
-d,)
where A, is a positive gain matrix. Substituting Equ. (25)
into Equ. (24), the derivative of V, is simplified as

(25)

Vo= —eldie; — 2Tz + 2T ase; — df (z— yi'dy)  (26)
Thus, if the first adaptation law is chosen as 31 = y:12, (y4is
a positive constant matrix) then V, is obtained as

VZ = —elT}{lel - ZT/‘lzz + Zsze3 (27)

Step3) Taking the derivative of e; and replacing the third
subsystem of Equ. (11) yields

é3 = X3 - .7.C3d = —ﬁ3x2 - d4X3 + (71511 + dz - X3d (28)

The final positive definite Lyapunov function is introduced as
1 1. ~

V3 = VZ + §e§e3 + Ed;)/z_ldz (29)

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

V3 = —elT}{lel - ZT/‘lzz + Zsze3 - dgyz_l(iz
+ eg(_d3x2 - &4x3 + &5u + dz (30)
— %34)

We choose the control input u in the following form
u= (ﬁs)_l[ﬁ4x3 + a3x2 - dz + X’gd - 2.363 - @ZZ] (31)

where A; is a positive gain and the second adaptation law is
chosen as

32 = Y263 (32)

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

V3 = —317_‘).181 - Zlez - B§A3e3 <0 (33)
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 g, 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 ¢(t) is bounded as
()| < Prmax Where ¢4, 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 d, and d,,
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(®)] < Umax [23], [25].

According to the previous section, the Lyapunov function
is presented as

1 1 1 1. .
Vi=celey+-2z"z+seles +-djy;'d,
2 2 2 2
1. B (34)
+5djy;'d,
2
and the derivative of Equ. (34) results in
Ve = —efdie; — 272,z — el Az3e3 < 0 (35)

From Equ. (34) and Equ. (35), the boundedness of
e;,z,e;,d; and d, are verified [34]. Based on the
Assumption 1, g; and g, are bounded; hence boundedness
of e; and z follows the boundedness of g and g,
respectively. The boundedness of I, is depended on the
boundedness of x;; due to I, = x; = e; + x34; From Equ.
(25), x34 is the virtual input composed of ¥,4,e;,z and d;.
According to the Assumption 3, d, is bounded. hence d; is
bounded with respect to the definition d; =d; —d; .
Therefore, x;,; is bounded so the boundedness of I, is
confirmed. Moreover, the boundedness of d, is proven
similar to the boundedness of d,. 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(q) in (12) is also regarded as 0.1q for the simulation. To
consider the parametric uncertainties for the weighted
functions, @; isassumed to be 90% of the real value a;.

A. Tracking Performance of the Proposed Controller

The proposed ARTB given by Equ. (31) is simulated with
the following parameters:

A=A, =23 =100 X Iy,

y; = [100 0; 0 500], ¥, = 50 X Ly

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 1075 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 d,
and its estimation d;. It is demonstrated that the difference is
ignorable. Likewise, d, and its estimation are given in Fig. 7,
where d, tracks d, 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

(36)

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
kpxs + kix, + nx;

u=¢d+M k; 37
d) <+kd (X3 + kpr + ;lx1> ( )

where k,, k;, kq are positive constants. Variables x;,x, and
x; are also defined as nfotedt,e and é. The adaptation
law is suggested as

X k;
=yp™™M? (x3 + kpx, + ;lxl) (38)

Vector ¢ is the regressor of the system derived from
M(q)qa + H(q,4) = $6, where
M(q) = RK;Y mr™ + RK;'rD(q)
Hq,§) = (RK,;ler_l + K,r~t (39)
’ +RK;'rC(q,9)
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,k, =10,k; =5 andk; =
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

u=RIly +kyg+LH1f, — pz, (40)
where the sliding surface s is defined as ¢ — g4 + K(q —

qq) and also z, and f, can be obtained through the
backstepping method in the following form:

) G+ RK;'rG(q)
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Fig. 1. The Block diagram of the proposed voltage-based backstepping control law (31)

TABLEI
SPECIFICATIONS OF DC MOTORS
Motors | Upax R Jm B, L K, T
V) | @ Nms? (Nm- Sy (E)
rad rad rad
1,2 50 1.6 0.0002 0.001 0.001 0.26 0.01
1 Desired Trajectory
0.8 - 1
0.6 - .
0.4 1
0.2 .
0 s . s
0 5 10 15 20
Time (sec)
Fig. 2. The desired trajectory
A S
z, =1, —HY(YH - D(q)sat(g)) (41)
L, =Y0 + Yo — D(q)sat (i) — D(g)sat (i) — HI,
e € (42)
+Y0
in which the adaptive law is expressed as
0 =-T(D-Y(q)s + H'z,)Y (43)

The tuning parameters are set to K = 25 X I,,,, ' = 48 X
I,x, and p = 100 X I,,,. 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.

; External disturbances
0.8 - !
0.6 - !
0.4 1
0.2 - i

0 : . :

0 5 10 15 20

Time (sec)

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. 5. (ARTB): (a) The control input of first joint (b) The control input
of second joint (c) Zooming of (a) (d) Zooming of (b)
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Fig. 12. Comparison 3: (ABSM) (a) Tracking error of first joint (b)
Tracking error of second joint (c) VVoltage 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

X3q = 837 (814 + Gq — k1 (4 — 4a) — 4151

—y15gn(s1)) (44)

u= @51(6361 + d41 - /1252 + id - azsl

— y259n(s3)) (45)

in which s; = (@ —q4) + ki(q —qq) and s, =1, — x34.
Furthermore, the upper bound of uncertainties can be
obtained as

71 = aqllsell, v2 = azlls:ll (46)
The tuning parameters are chosen as k; = 150 X Iy, 44 =
20 X Iyp, Ay = 10 X Ly, ; = diag(10,50) and a, =2 %
I,x,. 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 I1AE
(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 s relaxed from the chattering phenomenon while
ABSM suffers from it.

TABLE I
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
any economy. Gaining the skills of gathering and analyzing data simultaneously, as well as using this knowledge in economic
investigations, make time and precision factors to be the drawcard of any investor in competition with others. Therefore,
having a predictive approach with the lowest degree of error will lead to smarter management of resources. Due to the
complex and stochastic nature of the stock market, conventional forecasting approaches in this field have usually faced
serious challenges, most notably losing the robustness when the data type changed over time. Moreover, by focusing on point
forecasting, some useful statistical information about the objective random variable has been ignored inadvertently,
undermining the prediction efficiency. The focus of this study is on density forecasting models which, unlike point forecasting,
contain a description of uncertainty. Also, to take advantage of the diversity and robustness features of the combination,
instead of an individual prediction, a combination of the density forecasting given by different structures of ARMA, ANN,
and RBF models is presented. In order to analyze the capabilities of these approaches in Tehran Stock Exchange (TSE), two
basic methods of this category have been used to predict the price of MAPNA stock -one of the fifty active companies in this

market- in the period 2012 to 2019.
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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
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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
Il, an overview of related work is provided. The structure of
the desired combination system is described in section I11. 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.

Il. 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



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
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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.

I1l. 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.

Forecast
[> Combinations E>

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:

m
ftliwf{n = %Z fitent (1)
i=1
where

h forecast horizon;

Ve+n target variable of forecast;

fit+nie output of i-th forecast model;

m number of forecast models;
Ew output of SA forecast combination
trhit 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:

ftt-?l—Ghlt = W(;LSFHhIt = ((l'fe_ll)_lfe_ll) Feinje

t—h
Z'\e = (t - h)_l Z‘[—l e‘r+h|1'e,r+h|r )
where
L column vector of ones;
einir prediction error vector;
z, estimation of covariance matrix;
W,.s weight vector;
BG output of B&G  forecast
t+h|t

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



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:

m
PYesnlD) = Z wip(Ye+n|M;,D) 3)
i=1
where
D data and observations;
M; i-th forecast model;

W 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
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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:

DReal - min(DReaZ)

D =
Normal max(DReal) - min(DReaZ) (4)
where
Drear real value of data;
Dyormat normalized data.

Time Series Plot of MAPNA Company
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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).
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data, the performance of these forecast models may be changed
in any other period or for any other data.

Price,
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Fig. 3. Real vs. Predicted Values of MAPNA Stock Price for the
Part of In-Sample Data (Related to Three Selected Forecast

TABLEI
STRUCTURE OF PREDICTION MODELS
Model Structure
< Model Order Estimation Method
E AR=2,MA=0 RLS
< AR=2,MA=1 ELS
. No. of .
Learning q No. of Learning
Hidden Epochs
Method Layers Neurons Parameters
Gradient _ _ _
i =1 n, =3 500 n = 0.001
Z -
= %21‘1'::: =1 | np=5 500 | 5 =0001
Levenberg _ _ _
Marquardt =1 n, =3 60 a=5
Levenberg _ _
Marquardt =1 n, =5 60 a=5
Learning Radial No. of Enochs Learning
Method Function Neurons P Parameters
LL
m Levenberg _ _ _
o Marquardt =1 n, =30 100 a=1
Levenberg _ _ _
Marquardt =1 n, =50 100 a=1

To performance comparison, MSE values of all models have
been computed. For brevity, Table Il shows this value for only
three selected models.

Models).
Prit:eNh for Out-of-Sample Data
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Fig. 4. Real vs. Predicted Values of MAPNA Stock Price for the
Part of Out-of-Sample Data (Related to Three Selected Forecast

TABLE Il
PERFORMANCE COMPARISON OF SELECTED PREDICTION MODELS
MSE
Forecast Model
In-Sample Out-of-Sample
ARMA 58663 202246
ANN_LM_3 101784 209364
RBF_LM_50 567971 381534

Models).

10 P(y,,,/M,.D)

a5t &

ANN LM-3 | -
—— ARMA

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

5000
Fig. 5. Real vs. Predicted Density of MAPNA Stock Price
(Related to Three Selected Forecast Models).

10000

© RBFLM-SB 1

= = Real

15000

So far, all models are used to generate some point forecasts



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.
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Fig. 6. Density Forecast Combinations for MAPNA Stock Price
Using SA and B&G methods.
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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,
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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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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].
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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 Pl 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
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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
LHS! 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

! Latin hypercube sampling (LHS)
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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.

Wind turbine Power
SRG converter

: a | | Inverter
’ /
- | | Load

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

Battery

Section Il focuses on a wind turbine, mathematical relations,
and control strategies. The remaining of the paper is organized
as follows. Section 111 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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I1.  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.

Power
Region Region
I | m Wind Speed
—
r

Veut-in Vrated Veut-out

Fig. 2. The power curve of a variable-speed wind turbine [55].
Mechanical power generation (Paro) follows a nonlinear
relationship with air density, wind speed, and power
coefficient (C,) as:

P :%.p.zz'.Rz.vs.Cp @

where R is the radius of the area covered by the blades, v is the
wind speed and p is the air density. The power coefficient
obeys a non-linear function of the blade pitch angle () and the
tip speed ratio (1), which is the ratio between the tip speed of
the blades and the wind speed [56]. It can be formulated as:

C,x (LA . z:”tTR @

where w; 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].

C,(1.5) :cl.(%—c3.ﬂ—c4).e7i +Cg. A
The coefficients c; to cgare: ¢; = 0.5176, ¢, = 116, ¢ = 0.4,
€4 =5, cs= 21, ¢ = 0.0068, and:
1_ 1 0.035 )
A A+008-8 p°+1
The variation of C, with £ and 4 is illustrated in Fig. 3.
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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 £ is set to be minimized, as evident
in Fig. 3. Therefore, p=0, and C, shrinks to a function of 4,
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.

8m/s
10 m/s

12 m/s f
14 m/s

U,
o
®

0.6

Turbine power (pu)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18
Turbine speed (pu)

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.

I1l. 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].

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.

Aligned Unaligned
Position Position

Stator ¢
Pole * 4 i
w o [ 0 [
Pole
R —
<

Direction of Rotor Movement

Phase Self
Inductance

-
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
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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.

Wnductance
3 ~

i \ Generator

' / \

Motor

L L L Saor
L L LI 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].

Induction, Current Induction, Current

Motor N Generator | Motor | Generator |
Imax | | Imax
Lmax e 2 Lmax [
Lmin _/ / ) Lmin
Oon o " Qon Oot
excitement  generation excitement  generation
~ > Il—b“—b-‘
(@) (b)

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 L, Ly, 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.

Excitation bus Load bus e
[ T
4 F4( FH
Ve ==
—t Ph1 Ph2 Ph3 z R.
Az = A

Fig. 9. The schematic of an asymmetric half bridge converter
circuit [22].

\l
N

R:

(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.

Voo =€y + iy (5)
where epn and ipn are the voltage and current of the
corresponding phase, respectively.

ephz_Nphd:tph ©
where gpn is the phase flux and Np, is the number of phase
windings. Since gph = Lpn . iph then:

d(Lyip) di,, . di, 7
e ™
Substituting (7) in (5), we have:
o dL di )
VDC:—Nphvlphd—;h-a) —Nph~|_phd—i“+rv|ph ®)

where db/dt=w 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].
€ =T i + R, 9)

Substituting ey, from Equ. (6), it can be rewritten as:

de . . 10
Nph dtph_r.lph-'—RL'lph ( )

and substituting gp, from Equ. (7) in Equ. (10):
o dL,, di, . , 1
Nph~|phd—;~a)+N -L d—z:r~|ph+RL-|ph (11)

ph~ =ph

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
A, L, i, and @ denote linkage flux, phase inductance, phase
current, and rotor position, respectively. Therefore, machine
behavior can be expressed using linkage flux [67].

2(i,0)=L(i,6)-i (12)

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]:



International Journal of Industrial Electronics, Control and Optimization [N

P

o]

— NsNrVSC S]Y (9_00n)d9 _ jg (goff _gon —9)d9 (13)

" o |, Lo i L(6)
where N, and N are the number of rotor and stator poles,
respectively, and 6. stands for the extinction angle that
represents the position where the current falls to zero after Gqx
and it equals to:
0,=20, -0, (14)
Ignoring the saturation of SRG, the instantaneous
electromagnetic torque per phase is defined as:
TG,0)= 2?9t (15)
2 deé
Torque ripple damages the generator and shortens its life. It

can be expressed as:
T _ Tmax _Tmin (16)

ripple — T
ave

where Tmax and Tmin are the instantaneous maximum and
minimum value of torque, respectively, and Tae is the average
torque. The level of torque ripple suppression can be achieved
via torque smoothness factor defined as:

Ty =—1 17)

ripple
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:
R P (18)

SF T
lmax - Imin

where Imax, Imin and lae 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:

n= P %100 (19)
where Poy is the generated electrical power and Pj, 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:

P, =nrlZ (20)
where n and lims are the number of phases and RMS value of
phase current, respectively. The iron loss is approximately
formulated based on Steinmetz equation as follows:

2
. — Ch f Ba+bB + ce [c:ji?j (21)

where f is the stroke frequency, ¢, and c. are the hysteresis and
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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:

_20 Ty T (22)
P = ?Uﬂ v, i dt +_[0 leDdt}
where v shows the collector-emitter voltage of the transistors,

vq represents the forward voltage of the diodes, ic and ip 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.

Initialize
PSO parameters

Generate first swarm

Evaluate the fitness
of all particles

fitness of all particles of particles

1 T

Update the velocity
of particles

I Record personal best H

Update the position ]

Find global best particle

No

Swarm met
the termination
criteria?

Fig. 13. The particle swarm optimization algorithm [72].
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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.

Ve a)l
(e Controller (6,6 | AHB SRG
with PSO Converter =  Connected to
+ optimizer wind turbine
Fon T Pret

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:

Max. F(6,,,6,,) = w1ﬂ+ w, v w, LE w, E
max rms SF max I SF max
subjectto: 6, €[75,110] (23)
Oy € [95,135]
0, <04

where Pret=Pioad-Pexcitation, Pioad 1S the power of load, Pecitation IS
the power of excitation source, and w1, wz, ws, and w4 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 Q
Coefficient of inertia 0.05 kg.m?
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.

T-tibple l‘ Torque |
Vload_ripple | S R.Generator
Sub n Il

| Sam_Enb | | Vlioad

Sim_Enable

C )y
{'(:)Stop_slmulatlon

Stateflow control Chart Stop Simulation

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.

PWM Generator ~ Modulation Index
(2-Level) (m) Uref Generation

0.95 (50Hz)
Universal Bridge
Vint N P Urel e x
g L
A
Vin-
J B -—l In1Out1
* i C| In2 Out2
b =] D/Aconvertor

In3 Out3

—

B

Three-Phase
V-l Measurement Load

Filter Three-Phase

Battery
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.

Power(w)
N
[

“76

130
135 74

Theta on(deg)
Theta off(deg)

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 11
THE OFFLINE CALCULATION RESULTS OF THE METHODOLOGY

 (rpm) Oon (deg) Oort (deg)
1000 87.4 107.2

2000 85.8 1154

3000 83.2 125.8

4000 80.2 126.9

5000 77.9 1225

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.
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Fig. 18. The convergence curve of the proposed method for the
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SRG firing angles in the offline mode.
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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 I1I.

TABLE 111
THE GENERATOR NET POWER AND EFFICIENCY

o (rpm) Net power (kW) Efficiency (%)
1000 15 215

2000 14.9 50.6

3000 21 68

4000 29.8 735

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

(0] (rpm) Peu (kW) Peonverter (kW)
1000 0.54 0.16
2000 112 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.
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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.
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I

Wind speed (m/s)
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w
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o
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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
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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 I1). Since
the first column of Table Il 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.
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Fig. 25. The inductances, phases currents, linkage fluxes, and
generator torque in optimum firing angles.
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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
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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
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Faculty of Technical and Engineering, Imam Khomeini International
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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
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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,
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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 Il
introduces the proposed algorithm and shows how the two
indices can be calculated by using DWT. In Section llI,
simulation results are demonstrated, and the concluding
points are presented in Section IV.

Il. 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]:

Cov(X,Y)

JVar(X)var(Y) @

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

Corr(X,Y)=

appropriate threshold value (7) 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 (7).
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 (7) 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:

N,
2 [d;0)
= ':1— . 121 N
4 0.6745-27 N, | 9% @)

where Ndi 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.

IECO 50
1 4
0.5 E
Z(t) of .
nsl
Al
o o.05 0.1 0.15 0.z 0.25 0.3
o4
dl o |
-0
0.1 oz 0.z 0.4
0.0
0.0z
d2 u} M
0.0z L
0.1 oz 0.z 0.4
0.05
= f\mmmlf\
DI:IS 1 L 1
0.1 oz 0.z 0.4
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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

m PE(t) j=12,.,1
from 1 to 13, (Su ~absS; " (1) J=12 3) to sum of

the absolute value of detail coefficients of the pure sinusoid
signal at the same decomposition levels

Sin 5
(Sum_abssdj © _1’2""’13) 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

Dist o
(Std_absSdJ © _1’2""’13) and the standard deviation

obtained from the detail coefficients of the pure sinusoid
signal at the same decomposition levels was computed

) j=12,..,1
(Std_absde © J=12.. 3) 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:

S(t) =S (t)+ Sy (t)+Sup (t)+ S (t)+-.. + Sy () (3)

S(0)= S b+ S0 (pvlt-i) @

Also, we know that in a multi-resolution analysis, a set of
involute subspaces Vj and Wj are denoted as:

Vy 2V oV, 2.0V, 2.0V, DV,

(5)
V.=V, ewW, ©®)
V, "W, =1{0} )

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]

5. ()= Xt -1) ®
s0-2a, 25yt 0

where ¢’V/ €R.

So, the sum of the absolute value of the detail coefficients of
distorted signal S(t) at decomposition level j

Dist
(Sum_absde (t)) is obtained as follows:

NdJ
Sum_absS;™ (t) = Z‘d j (|)‘ (10)
i=1

where
j = the level of decomposition
dj = the detailed coefficients at level j

95 = the number of detailed coefficients at level j

Dist
Sum_absSs™ (1) _ ye 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:

Sum_ absSdEj‘SI (t)

Indexi = S
Sum_absSdJ'" ®)

j=12,..13 an

The first index for some PQ events is shown in Figures 6-9.
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The standard deviation of the absolute values of the detailed

coefficients at decomposition level j (Std —absSq, (O ) is:
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1 ZQd ; (i) - Mean _abss, (t))2 (12)

Std _absSP™ (t) =
_ ¢ () \/ledJ i

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:

Index2 = Std _abss;j“‘ (t)—Std _abssjj“ t j=12..13 13)

The second index for some PQ events is shown in Figures
10-13.
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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:

(14)

Eq. (14) is the THD generalization in wavelet domains. In
Eqg. (14), N is the highest decomposition level (N is equal 12 in

the algorithm), % 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 Eqg. (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.
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Fig. 14. The flowchart of the proposed algorithm

The Disturbance
belongs to Class G

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 1.

RESULTS

TABLE |
CORRELATION COEFFICIENTS VALUES FOR THE PROPOSED METHOD
Representative vectors
Type of PQ = 5 = — = o 2
- : - (%2}
disturbances Q¢| 2| s8] & s | gpo % gl 2=
© T = (%} z T =
DC offset 093 | 072 | -042 | 035 | 026 | 021 | 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

©2021 IECO 54

‘ Transient ‘ 0.08 ‘ -0.21 ‘ 0.13 ‘ 0.18 ‘ -0.16 ‘ 0.29 ‘ 0.38 ‘ 0.98 ‘

TABLE Il
CORRELATION COEFFICIENTS FOR THE PROPOSED METHOD WITH
SNR=35DB
Representative vectors

Type of PQ 3 o B — 2 2 5
disturbances = ¥ 2 2 3 Z e 2
=} ] I S € c
(@] o b= (7] o = [
a = =z I [
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 Il where the CA is
defined as

Ncorrectly classified events

Classification accuracy (%) = CA =
Ntotal number of disturbances
(15)
Table 111
Classification accuracy rate of the proposed algorithm
PQ events Naisturbances NcorreCtly CA (%)
identified

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 Eqg. 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

CA (VC\:l'iAt\h Number of
Reference | Year (WiFhout noise disturbance Data
noise) 30db) types
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
Synthetic
40 2014 99.5 - 5 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 k2 and the peak conversion efficiency is 65.3%, when the
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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
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Tel: +98-2122970025,Fax: +98-2297006, University of Shahid Rajaee
Teacher Training
Faculty of Electrical Engineering, Shahid Rajaee Teacher Training
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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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Matching L RF-DC Load

Network
Fig 1. The block diagram of an energy harvesting system

Antenna

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 Il describes the configuration and simulation results of the
broadband antenna. Part Il interprets the design and
simulation results of the rectifier circuit and the matching
network. Conclusions are presented in part IV.

1. 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 43x44 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 Q feed line and a rectangular ground plate with
dimensions 14x44 mm? 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 R, =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
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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.

o

Structure |

Structure2 Structure3

Fig 2. The shape of the antenna at different stages of design
process

a ..::;. / p N
S
=.
—
(28
f‘l == = Structurel
—e-Structure2
—&-Structure3
4% 4 6
Frequency(GHz)

Fig 3. Influence of the rectangular ground, circular stubs, and
semicircle ground on the reflection coefficient of the antenna.

90

Name: RX

Freq Ang Mag
m1 [1.4000|-146.2563|0.2249|0.6664 - 0.1754i
m2 |8.5000] -43.1538 |0.4176/1.4610 - 1.0110i

170

180 0

®

Name RX | |

Freq Ang Mag
m1 [1.4000|-141.3566/0.3366/|0.5410 - 0.2565i
m2 [8.5000| -3.3963 |0.3128|1.9060 - 0.0783i

m2
180 1]

-90
(b)
Fig 4. Smith chart (a) before adding subs (b) after adding stubs



International Journal of Industrial Electronics, Control and Optimization [N

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.

(b)
Fig 5. Surface current distribution at 1.9 GHz, (a) on a
rectangular ground plate (b) on a semicircular ground plane

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:
L=43 mm, W=44 mm,R=22 mm, W =3 mm,

Lr=18 mm, R.=2 mm, Lg =15 mm.

IECO 61

I

10 ]
g-zc \ 7 f
i VNS

4 6
Frequency(GHz)
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.
0 0

330

(€
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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I1l. 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 o, . The physical length

() of the short-circuited stubs is calculated from the following
formulas [21]:

1
- 1)
“r JLC
o L |
é =7, tan(’%) @

In equation (1), the series capacitance and inductance are
denoted by L and C. In equation (2), Al expresses the

electrical length of the short-circuited stub and Z, represents
the characteristic impedance of the transmission line (TL). The
calculated sizes of TL components of the circuit are indicated
in Fig. 10.

RF Source
Pin(dbm)
=50 Ohm

T
ka Rioag

Zo

Fig 10. Configuration of the proposed quad-band rectifier with a
matching network. Physical size of the antenna is equal to:

l,=14.3mm ,l,=3mm,1,=28 mm , 1,=19.8 mm , |, =0.66 mm , 1,=23 mm ,
I,=14.3 mm I,=13.5 mm, I;=13.5 mm, I,,=58 mm , 1, =10 mm ,
l,=58mm , 1,=425 mm , I, =13 mm ,W for all transmission lines is2.24 mm.

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
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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 k.

Equation (3) is used to compute the RF-DC conversion
efficiency [12]. As specified in equation (3), P, . is the

put
incident RF power while P, is the output DC power. The
output DC voltage and load resistance are denoted by
V,(DC) and R, respectively.

P(DC) g9 Vo' (PC) 1
input RLoad I:)input
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 R, = 12 kQ. So, in the rectifier simulation,
the optimum value of the resistor is set as 12 kQ. 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 R, =12 kQ,
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
at1.71 GHz is 65.3%.

WYY
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Efficiency (%) = %100 @)

-15]

|S11|(dB)
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Fig 11. Simulated | S,, | of the quad-band rectifier at P;, =

0 dBm
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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
R, =12KQ.

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
equalto 7.2 Vin P, = 11dBm and R, = 12 kQ. Also, it is
observed that the maximum output power is corresponded to
438mWin R, =12kQ

Q

=171 GHz

— ||--243 6H2 7
%6-—-3.68 GHz .-..':
g |l—6.16Hz i' -',/
S 4 # .‘./
z K

g 'y

EY: o 7

0 20 -10 0 10 20 30
Pin(dBm)
(@

—1.71GHz
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2" --3.686Hz |1

= | |=-6.1GHz LR

g a

i i

a1 / ‘.. A

30 20 -0 0 10 20 30
Pin(dBm)
(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 R, = 12 kQ.

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 P;,, = —10 dBm is much
higher than the reported designs.
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TABLE |
PERFORMANCE COMPARISON OF THE SUGGESTED
MULTI-BAND RECTIFIER AND OTHER REPORTED

RECTIFIERS
ici 0,
Pin for Efflmentcy(A))
Maximum M a 0d
Efficiency (% ax. P. =-10 dBm
F y (%) Efficiency in
Ref. r(egaezr;cy (Simulation (dBm)
results) (Simulation (Simulation
results) results)
[15] 1.8/2.45 70/58 10/9 30/13
[20] 0.95/1é86325/2.45/ 45/30/44/25 10/1%/10/1 26/19/14/12
[21] 1.3/1.7 2.4/3.6 40/41/26/ 15 7/4/13/7.5 17/15/2.5/3.5
[24] 0.9/1.8/2.4 9.032/30.5/8.7 20/18/22 0.2/3/0.1
This 1.71/2.4/3.6/6.1 65.3/21/13/10 y 45/20/414
work ' e ’ 4/11/15/10

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 R, = 12 kQ
and P, =11dBm.
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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 (CPLSs). 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.
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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.

fCorresponding Author: m.jami@eng.uok.ac.ir

Tel: +98-9363949565, University of Kurdistan.
Department of Electrical and Computer Engineering, University of
Kurdistan, Sanandaj, Iran

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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Fig. 1. Structure of a typical dc MG with CPL.
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
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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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injection inertia to the system will be increased. The salient

features of this paper are as follows:

e 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).

e 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.

e 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.

e 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
I1, the proposed control strategy is introduced based on the
virtual inertia concept for the dc MGs. Section Il 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 V.
Simulation studies are presented in Section V. Finally, some

(b)
Fig. 2. Simplified structure of a typical dc MG with CPL: (a) detailed power conversion circuit, (b) proposed control diagram for a
bidirectional buck converter.

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 Kkinetic 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]:

Pset_Po_Dp(w_wn):‘]wddTw )
where Pse, Po, Dp, @, wn 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 D, increase
(decrease), the rate of change of frequency (RoCoF) and
frequency deviation are decreased (increased), respectively. In
MGs, however, the damping coefficient, Dy, is a small value
while the total inertia, J, changes mainly depending on the
number of distributed generations (DGSs) 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:

. . dvg,

qu_linl_CT (2)
where i, 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

. . dAv
AIOZ_AIinIZCTCZ (3)

In such a case, the amount of injected current can be

obtained as
. dAv 1
A'oz __ch dtC2+RAVCZJ (4)
. dAv 1
I, —l,, =—C, dtcz_?Ach (5)

where i*, lo2, Cv and 1/R. are the output current reference, the
nominal output current, the virtual capacitor and the virtual-
conductance analogous to the damping factor D, of SGs,

respectively. The negative sign in (4) shows negative feedback.

By substituting (4) into (3), we obtain

—Aly, :(C +C, )dAd\'Zcz +(R1CJAVCZ (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.

Il. 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-
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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
48V 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

Vv
ZINl(s): fcz
02

RCLs®+Ls* + R, (14Ve, K, )s + RV, kg, )
R.C,D/s* +(D} ~k,DV¢,)s —k;, DV,

Ve (s)=0

where Cy, L1, Ry, Ve, Dy, ko1 and ki 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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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 T while Rc=5 and Cv =0.01 and CPL=1
kw.

of Gpir. Equation (7) indicates a dynamic impedance that is
more accurate comparing the pure negative resistance, i.e. Z i1
(S): 'R|_/D12.

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]

di
L, dlt_z =Vg2—Veo
(©)
C dv“:l —i
2" 4t L2 "oz

where Ve, i, and iy, are the capacitor voltage, the inductor
current and the output current, respectively. If the switch turns
off, it yields

de(ljtu: c2

v ©)
2 CZ:ILZ_IDZ

dt

By applying averaging technique, the state-space equation
is obtained as

de:j;2 =V, +dy,,
v (10)
2 c :iLZ_iGZ
dt

where d;is the duty cycle of the switch. From (10) and (7), the

small-signal model is obtained as

di, o - |

dt | _ L, I "

dve, 1 1 Veo

dt C, Z,L, (11)
D, Vaz | ] 0
L, Ny, +| L, |d, + 1 iy,
0 0 C,

where the steady-state values of variables represent with
capital letter and the variables with “~”” show the small-signal
deviation. Let

SR A T
o o] oo

By taking the Laplace transform of (11) and combining the
results, one can write that

vcz(s)z[czz(sl —Az)*Bﬂ}dz(s)

(13)
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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 vq and the load current of i.. Therefore, the output voltage
which equals to the capacitor voltage is obtained as a linear
combination of these inputs as follows:

Ve, (5) =G, () +GyV 5 (S) = Zoslos (5) (14)

vg' g2

where
Gvd =[sz(SI _Az)ian]Gvg =|:C22(SI _Az)ilezJ
Zyy =~ Cua(sl =A,) "B |

By applying the proposed control method in Fig. 2(a), the
small-signal model is achieved

(15)

dz(s) :VA:‘,ZG pi ZGpi3Gd _iozG pi3Gd [GpiZRdJ_iLZG pi3Gd
) G,iRq 1 (16)
Ve Guly 7 +G,i, +GC,s +R7

IN1 c

where, Gipe = 1/(zs+1) and z is the time constant of the LPF.
Also, Gy = 1/(1.5Tswm S+1) represents the unit pulse width
modulation delay and Tewwm is the sampling period. The
closed-loop transfer function between the output voltage and
the reference voltage is as follows:
\icz(s) :GpiZGp|3Gvd

Tu=5 17
275 (5) " 14T (s) 17)
where
T(s)=
18
CICRECH CS+1+GLPFCVS+1+GN2(1+ » Ji| ()
R z
IN1 c IN1

Furthermore, the steady state value of the output voltage is
obtained as follows:
1 .
V,=——""-"7"757—V
® 1_RdD12/RL c
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
Veo(s)  ~Z62=G GGy (146G, R, )

2= foz(S) = 1+T . (20)

(19)

T

IV. STABILITY ANALYSIS AND PARAMETER
SELECTION

According to the precise small-signal model achieved in
Section I11-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 Cy, virtual resistance R and the low-pass filter
time constant (z). 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
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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 R; and P,=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., C, < 0.02, the system
stability is guaranteed. With increasing C,, 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 P,=1kW is
shown in Fig. 3(c). By increasing 1/R. (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 C,=0.01, R. =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., 7> 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<0.65s). 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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TABLEI
SYSTEM PARAMETERS OF THE DC MG
System Parameters Values  Parameters  Values
PV L4 5mH Vg4 55V
system Ca 0.5mF Ve 200V
Battery L3 4mH Vg3 48V
system Cs 0.8mF Ves 200V
Interface L2 ImH Vg2 200V
converter Cz 1mF Ve 100V
L1 10mH  Load Power  1kW
Load
C: 0.1mF Vel 50V
1050 - / Load Power
1000
950
1200 : : - , :
2 1100 - : ‘ :
5 PV Output Power Reference
Z 1000 | / /
- - \
< 900+ TN i g
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Fig. 4. Output power of different stage unit 1 when the PV
output power reference changes.
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Fig. 5. Output voltage of different stage unit 1 when the PV
output power reference changes.
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Fig. 6. Performance of the proposed V1 solution under load
power change: (a) load power step-up, (b) load bus voltage.
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Fig. 7. Load bus voltage (blue solid line) following step changes
in the voltage reference (red dashed line).

B. Case Il: 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
V1.

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'c, = 100 V to
V2 =120V at t=0.4s. Dc bus voltage for various values of C,
while other system parameters are constant is shown in Fig.
8(a). As the C, increases, the dc load bus voltage would
smoothly change and the RoCoV decreases. This means that
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Fig. 10. Behavior of the dc bus voltage during a sudden load increase.

the inertia of the dc MG is increased. Thereby, the value of C,
denotes the synthetic inertia of the dc MG. However, by
increasing C, the system damping decreases and is prone to
cause the DC bus voltage oscillation. This issue can be
diminished by increasing damping coefficient (1/R;) that
effectively eliminates the low-frequency voltage oscillations.
Fig. 8(b) shows dc bus voltage for various values of R; while
other system parameters are constant. By decreasing R
(increasing 1/R;), the deviation of dc bus output voltage
decreases. One can observe that virtual conductance 1/R. 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 P, = 1 kW, to the final value of P, = 1.5 kW at
t=0.4s. In Fig. 9 (similar to Fig. 8), when C, and/or 1/R.
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
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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.

V1. 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 (C,) mimics the virtual inertia of
synchronous machines, while the proportional feedback gains
1/R. and Rq 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
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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/lhome
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

fCorresponding Author: r.mousaviaghdam@uma.ac.ir
Tel: +98-4531505736, Fax: +98-4533512904, University of mohaghegh
ardabili
Faculty of Engineering, University of Mohaghegh Ardabili, Ardabil, Iran

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.
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Il. 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. ¢ ¢,

respectively, as follows [33]:
Nwiw + wrmPM
R, + Ry +Roy R, +R,+ Ry

O =Pyt Ppy =

— Nwlw + (oriRPM (1)

R R

where N, and i, arethewinding turn number and current,

t t

respectively. *}{W, S}{ag,and Reon represent the reluctance

of the winding core, air gap, and PMs, respectively. Also, ¢,

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:

N, _ N

L=——w - (2
R, +R, +Rey R,
Hence, energy can be represented as follows:
W(,,0) =W_+W,, +W,,
= % lev%/ + %mt¢§g + NwiwaM (3)

where Pag is the air gap flux. Considering the energy
equation, one can represent the produced torque as follows:
T:%_ :%ivzvd_Ls_%(/,:gﬂJeriwd(pﬂ @)

00 1w do do do

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:

®)

The mentioned cogging torque is inherently dictated by the
motor geometric topology. The detailed explanations are given
in the Sequent I1I.

I11. 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
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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 “QO’”
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, QW 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
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rotor guiding air gap
spiral air gap
Fig. 2: Geometrical view of the proposed BLDC motor with main design parameters.
Table I1: divisions of the main design parameters
Par."/step T1 T2 T3 T4 T6 T7 T8 T9 T10 Vol.
sl 9.55 9.5 9.42 9.35 9.22 9.14 9.07 8.95 8.83 303
sw 3.17 3.19 3.22 3.24 3.29 3.31 3.34 3.38 3.43 '
ml 2357 2344 2322 2314 2297 2284 22.7 2258 2245 2233 817
mw 3.47 3.49 3.52 3.54 3.58 3.6 3.61 3.63 3.66 '
aw 1.02 1.04 1.06 1.08 - - - - - -

"All parameters are presented in mm

Torque (Nm)
I
2

y
******************************* el
T2
T
s
s

T6

Cogging torque (Nm)

T
]

H—Te

T10)

-30 25 -20 15 10 5
Position (Deg)

(b)
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 Ilowest. 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.

Torque (Nm)

-15
Position (Deg)

Cogging torque (Nm)

-25 -20 -15 -10
Position (Deg)

(b)

Fig. 4: (a) The produced torque and (b) cogging torque in terms
of large magnet’s dimensions.
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Fig. 5: (a) The produced torque and (b) cogging torque in terms
of iron width gw.

V. 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.
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Fig. 6: The magnetic flux isolines( c?f 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.
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Fig. 7: The distribution of the air gap magnetic flux density in
the proposed and conventional BLDC motors.
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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.
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Fig. 9: A comparison of the cogging torque in the proposed and
conventional BLDC motors.
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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.
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Fig. 11: An electromagnetic torque comparison of the proposed
and conventional BLDC motors.
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Fig. 12: (a) Electromagnetic tof#le 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

Vector Potential (Wb/m)
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[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.
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Fig. 13: (a) Asymmetrical V—ty[@)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.
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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 I11. 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.
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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.
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Fig. 16: An Electromagnetic torque comparison of the proposed
and asymmetrical V-type designs.

o

Table I11: Comparisons of the motor performance parameters

Asymmetrical

Conventional Proposed

Parameter V-type
BLDCM BLDCM BLDCM

Peak of cogging torque 0.29Nm 0.23Nm 0.09Nm
Average electromagnetic

9 9 0.882Nm 0.876Nm 0.88N.m
torque
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.

REFERENCES

[1] Y. Chen, X. Zhu, L. Quan, Z. Xiang, Y. Du and X. Bu, “A
V-Shaped PM Vernier Motor With Enhanced Flux-
Modulated Effect and Low Torque Ripple,” IEEE Trans.
Magnetics, vol. 54, no. 11, pp. 1-4, Nov. 2018.



International Journal of Industrial Electronics, Control and Optimization

(2]

(3]

[4]

[5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Z.S. Du and T. A. Lipo, “Reducing Torque Ripple Using
Axial Pole Shaping in Interior Permanent Magnet
Machines,” IEEE Trans. Industry Appl., vol. 56, no. 1, pp.
148-157, Jan.-Feb. 2020.

Q. Chen, G. Xu, G. Liu, W. Zhao, L. Liu and Z. Lin,
“Torque Ripple Reduction in Five-Phase IPM Motors by
Lowering Interactional MMF,” IEEE Trans. Ind.
Electronics, vol. 65, no. 11, pp. 8520-8531, Nov. 2018.
Bianchini, C., Immovilli, F., Lorenzani, E., Bellini, A,
Davoli, M., “Review of design solutions for internal
permanent-magnet machines cogging torque reduction,”
IEEE Trans. Magn., vol. 48, no. 10, pp. 2685 -2693, Oct.
2012.

Hao, L., Lin, M., Xu, D., Li, N., Zhang, W., “Cogging
torque reduction of axial-field flux-switching permanent
magnet machine by rotor tooth notching,” IEEE Trans.
Magn., vol. 51, no. 11, pp.1-4, Nov. 2015.

Zhao, W., Lipo, T.A., Kwon, B., “Torque pulsation
minimization in spoke-type interior permanent magnet
motors with skewing and sinusoidal permanent magnet
configurations, IEEE Trans. Magn., vol. 51, no.11, pp.1-4,
Nov. 2015.

H. M. Cheshmeh-Beigi, A. Mohamadi, “Torque ripple
minimization in SRM based on advanced torque sharing
function modified by genetic algorithm combined with
fuzzy PSO,” International Journal of Industrial Electronics,
Control and Optimization (IECO), vol. 1, no. 1, pp. 71-80,
2018.

M. Sumega, P. Rafajdus, M. Stulrajter, “Current harmonics
controller for reduction of acoustic noise, vibrations and
torque ripple caused by cogging torque in PM motors under
FOC operation,” Energies, vol. 13, no. 10, pp. 1-23, May
2020.

W. Fei, Z. Q. Zhu, “Comparison of Cogging Torque
Reduction in Permanent Magnet Brushless Machines by
Conventional and Herringbone Skewing Techniques,”
IEEE Trans. Energy Convers., vol. 28, no. 3, Sep. 2013.
Gyu-Hong Kang, Young-Dae Son, Gyu-Tak Kim, Jin Hur,
“A novel cogging torque reduction method for interior-type
permanent-magnet motor,” IEEE Trans. Ind. Appl., vol. 45,
no. 1, Jan/Feb. 2009.

Wu Ren, Qiang Xu, and Qiong Li, “Reduction of Cogging
Torque and Torque Ripple in Interior PM Machines with
Asymmetrical V-type Rotor Design,” IEEE Trans. Magn.,
vol. 52, Jul. 2016.

Keun-young Yoon, Byung-il Kwon, “Optimal Design of a
New Interior Permanent Magnet Motor Using a Flared-
Shape Arrangement of Ferrite Magnets,” IEEE Trans.
Magn., vol .52, Jul. 2016.

D. Wang, X. Wang, M.-K Kim, and S.-Y. Jung, “Integrated
optimization of two design techniques for cogging torque
reduction combined with analytical method by a simple
gradient descent method,” IEEE Trans. Magn., vol. 48, no.
8, pp. 2265-2276, Aug. 2012.

L. Dosiek and P. Pillay, “Cogging torque reduction in
permanent-magnet machines,” IEEE Trans. Ind. Appl., vol.
43, no. 6, pp. 1565-1571, Nov./Dec. 2007.

T. Tudorache and I. Trifu, “Permanent-magnet synchronous
machine cogging torque reduction using a hybrid model,”
IEEE Trans. Magn., vol. 48, no. 10, pp. 2627-2632, Oct.
2012.

N. Chen, S. L. Ho, and W. N. Fu, “Optimization of
permanent magnet surface shapes of electric motors for
minimization of cogging torque using FEM,” IEEE Trans.

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

©2021 IECO 85

Magn., vol. 46, no. 6, pp. 2478-2481, Jun. 2010.

S. M. Hwang, J.-B. Eom, Y.-H. Jung, D.-W. Leg, and B.-S.
Kang, “Various design techniques to reduce cogging torque
by controlling energy variation in permanent magnet
motors,” IEEE Trans. Magn., vol. 37, no. 4, pp. 2806-2809,
Jul. 2001.

M. R. Dubois, H. Polinder, and J. A. Ferreira, “Magnet
shaping for minimal magnet volume in machines,” IEEE
Trans. Magn., vol. 38, no. 5, pp. 2985-2987, Sep. 2002.
Hsing-Cheng Yu, Bo-Syun Yu, Jen-te Yu, and Cheng-Kai
Lin, “A Dual Notched Design of Radial-Flux Permanent
Magnet Motors with Low Cogging Torque and Rare Earth
Material,” IEEE Trans. Magn., vol. 50, no. 11, Nov. 2014.
W. Fei, P. C. K. Luk, J. X. Shen, B. Xia, and Y.Wang,
“Permanent-magnet  flux-switching integrated starter
generator with different rotor configurations for cogging
torque and torque ripple mitigations,” IEEE Trans. Ind.
Appl., vol. 47, no. 3, pp. 1247-1256, May/Jun. 2011.

Z. Q. Zhu and D. Howe, “Influence of design parameters on
cogging torque in permanent magnet machines,” IEEE
Trans. Energy Convers., vol. 15, no. 4, pp. 407-412, Dec.
2000.

W. Fei and P. C. K. Luk, “A new technique of cogging
torque suppression in direct-drive permanent-magnet
brushless machines,” IEEE Trans. Ind. Appl., vol. 46, no. 4,
pp. 1332-1340, Jul./Aug. 2009.

N. Bianchi and S. Bolognani, “Design techniques for
reducing the cogging torque in surface-mounted PM
motors,” IEEE Trans. Ind. Appl., vol. 38, no. 5, pp. 1259—
1265, Sep./Oct. 2002.

T. Li and G. Slemon, “Reduction of cogging torque in
permanent magnet motors,” IEEE Trans. Magn., vol. 24, no.
6, pp. 2901-2903, Nov. 1988.

Y. Yang, X. Wang, R. Zhang, T. Ding, and R. Tang, “The
optimization of pole-arc coefficient to reduce cogging
torque in surface-mounted permanent magnet motors,”
IEEE Trans. Magn., vol. 42, no. 4, pp. 1135-1138, Apr.
2006.

B. Ackermann, J. H. H. Janssen, R. Sotteck, and R. I. van
Steen, “New technique for reducing cogging torque in a
class of brushless DC motors,” Proc. IEE—Electr. Power
Appl., vol. 139, no. 4, pp. 315-320, Jul. 1992.

X. Jiang, J. Xing, Y. Li, and Y. Lu, “Theoretical and
simulation analysis of influences of stator tooth width on
cogging torque of BLDC motors,” IEEE Trans. Magn., vol.
45, no. 10, pp. 4601-4604, Oct. 2009.

L. Petkovska, P. Lefley, G. V. Cvetkovski, “Design
techniques for cogging torque reduction in a fractional-slot
PMBLDC motor,” COMPEL-The international journal for
computation and mathematics in electrical and electronic
engineering, vol. 39, no. 3, May 2020.

Zhu,Z.Q., Ruangsinchaiwanich, S., Schofield, N., Howe, D.,
“Reduction of cogging torque in interior-magnet brushless
machines,” IEEE Trans. Magn., vol. 39, no. 5, pp. 3238-
3240, Sept. 2003.

Sun-Kwon Lee, Gyu-Hong Kang, Jin Hur, Byoung-Woo
Kim, “Stator and rotor shape designs of interior permanent
magnet type brushless DC motor for reducing torque
fluctuation,” IEEE Trans. Magn., vol.48, no.ll,
pp.4662,4665, Nov. 2012.

Ki-Chan Kim, “A novel method for minimization of
cogging torque and torque ripple for interior permanent
magnet synchronous motor,” IEEE Trans. Magn., vol. 50,
no. 2, pp. 793-796, Feb. 2014.


https://ieco.usb.ac.ir/?_action=article&au=57572&_au=Hassan++Moradi+CheshmehBeigi
https://ieco.usb.ac.ir/?_action=article&au=57699&_au=Alireza++Mohamadi
https://sciprofiles.com/profile/1046728
https://sciprofiles.com/profile/author/UkxJNFB0Nm9uNFNDeElUMVJmUEh5WGE1MWxaTEo0U2NUN2Jib3FoajBmTT0=
https://sciprofiles.com/profile/author/UEhOTkVnZXRnSk1Kb1lCZ1k5RURHVERwUERHUXNueXJ0dWJUaFRSbFJkTT0=
https://www.emerald.com/insight/search?q=Lidija%20Petkovska
https://www.emerald.com/insight/search?q=Paul%20Lefley
https://www.emerald.com/insight/search?q=Goga%20Vladimir%20Cvetkovski
https://www.emerald.com/insight/publication/issn/0332-1649
https://www.emerald.com/insight/publication/issn/0332-1649
https://www.emerald.com/insight/publication/issn/0332-1649

International Journal of Industrial Electronics, Control and Optimization

[32] A. N. Patel, B. N. Suthar, “Double layer magnet design
technique for cogging torque reduction of dual rotor single
stator axial flux brushless DC motor,” Iranian Journal of
Electrical and Electronic Engineering (1JEEE), vol. 16, no.
1, pp. 58-65, Mar. 2020.

[33] D. C. Hanselman, Brushless Permanent Magnet Motor
Design, 2nd ed. Cranston, RI, USA: The Writers’ Collective,
2003.

- Seyed Reza Mousavi-Aghdam received his B.Sc.
C 9‘ degree with first-class honor from the Azarbaijan

-~ 1 University of Shahid Madani in 2009, Tabriz, Iran,

and M.Sc. and Ph.D. Degrees from the University of
‘ ‘ Tabriz, Iran, in 2011 and 2015 respectively all in
Electrical Engineering. From September 2014 to

March 2015, he has been a visiting research scholar at the
Department of Industrial Engineering, University of Padova, Italy.
Since 2016, he has joined the Department of Electrical Engineering,
University of Mohaghegh Ardabili, Ardabil, Iran, as an assistant
professor. His current research interests include design of electrical
machines, electric drives, and analysis of special electrical
machines.

Amin Kholousi was born in Ardabil, Iran. He
received his B.Sc. degree in Electrical Engineering
from the University of Mohaghegh Ardabili,
Ardabil, Iran, in 2020. His current research interests
include electric machines, modeling, and design of
permanent-magnet machines.

© 2021

IECO

86


http://ijeee.iust.ac.ir/search.php?sid=1&slc_lang=en&auth=Patel
http://ijeee.iust.ac.ir/search.php?sid=1&slc_lang=en&auth=Suthar
http://ijeee.iust.ac.ir/article-1-1572-en.pdf
http://ijeee.iust.ac.ir/article-1-1572-en.pdf
http://ijeee.iust.ac.ir/article-1-1572-en.pdf

International Journal of Industrial Electronics, Control and Optimization
Vol. 4, No. 1, pp. 87-98, Jan (2021)

©2021 IECO

Cooperative Distributed Constrained Model
Predictive Control for Uncertain Nonlinear
arge-Scale Systems

Ahmad Mirzaei*, and Amin Ramezani®*

12 Center of Advanced Control Systems, School of Electrical and Computer Engineering, Tarbiat Modares
University, Tehran, Iran

In this paper, two linear constrained cooperative distributed extended dynamic matrix control (CDEDMC) and adaptive
generalized predictive control (CDGPC) are proposed to control the uncertain nonlinear large-scale systems. In these
approaches, a proposed cooperative optimization is employed which improves the global cost function. The cost values and
convergence time are reduced using the proposed cooperative optimization strategy. The proposed approaches are
designed based on the compensation of the mismatch between linearized and nominal nonlinear models. In CDEDMC the
mismatch is considered as a disturbance and compensated; Also in CDGPC, it is compensated using online identification
of the linearized model. The typical distributed linear algorithms like DMC leads to an unstable response if the reference
trajectory is a little far from the equilibrium point. This problem will be partially solved using the CDEDMC and will be
completely solved using the CDGPC even if the reference trajectory is too far from the equilibrium point. The performance
and effectiveness of proposed approaches are demonstrated through simulation of a typical uncertain nonlinear large-scale
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system.
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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
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Center of advanced Control systems, School of Electrical and Computer
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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,
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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.

Il. 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:

i) = filvow,w),  i=12,...M €}
where y; € R™i and u; € R™  present the vectors of
outputs and inputs of subsystem i respectively and
wi(t) =12,..,M,j # i) is the vector of inputs of the
subsystem j which is the neighboring subsystem of
subsystem i. f; is a nonlinear Lipschitz function. The M
sets of control inputs are constrained to be in M convex sets,
U; € R™u,i =1,..,M which are expressed as:

U; = {u; € R™i : |y| < uM**} )
where uM®*,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 Tj:

yille+1) = g (700, w00, 5(0)),i =12,.,M (3
where, g; 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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I1l. 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. Atiteration c:

2.1. Each subsystem i computes its own future input
vector U, along the assigned control horizon
based on the input vectors of its neighboring
subsystems which are fixed to their optimal vectors
of previous iteration ¢ — 1.

2.2. All neighboring subsystems dispatch their input
vectors to each other and each local controller i
computes the current iteration optimal vector

opt€
Ut

2.3. Based on receding horizon criteria, the current
iteration optimal control uf’ptc, is the first
component of the current iteration optimal vector

opt€
Ut

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 u2"*"
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 +
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1-k.
The local controller i solves the following proposed
optimization problem at each iteration c:

J (k)

min
Au;(k),...,Auj(k+m—1) (4)
Ui = [Aul(k) Aui(k +m — 1)]T
Subject to Equ. 3.

wk+j)€U,j=0,...m—1 (5)
Uf=Uf"L,VleLandl #i (6)
5.(7) — 2 p
19:(@) = w@lig, € — G—pYeT € lkk+p] %)
with:
100 =i+ ) o ®)
l
ai,al>0,ai+zal=1 ©)
l
and:

14
Sy = Y [I19:Ck + ) = Wk + I3

J

m
) (k4 = DI, (10)
j=1

J

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 y,
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.
Yi(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. Q; and R; 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 «; and a; 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:

N
Pilk+) =) gightiCl+] — q)
q=1

N
£ gughu(k+j =
I g=1 (11)

+A;(k+j),i=1,..MIeLl=+i

where g;; and g;, are the step responses coefficients of
subsystem i and its interconnected neighboring subsystem [,
N is the model horizon, and Au; and Au; are the increment
control inputs of subsystems i and [ 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. 7;(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, #;(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 7;(k).
The disturbance is defined as the difference between
measured and predicted outputs:

Rull +1) = () = Y () = ) gigbuus(k = @)

q=1

- Z ZN: Jughui(k — q) (12)

I g=1
where the y,, (k) is the measured output. The cost function

of subsystem i in distributed DMC is:

P
Ji00 = N9l + ) = Wi + DI,
j=1

m
) N+ = DI, (13)
j=1
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and also the cost function is represented as the matrix form
of:

Ji = = W)TQ(Y; — W) + U;"R,U; (14)

in which elements of the Y; are obtained using Equs. 11-12
and series characteristics:

Y, = G,U; + Z G, U, + Free Response; (15)

[£3]
Free Response; = H;U_, + Z HyU_ | + Y Ipxa (16)
l#i

where Y; is the predicted outputs vector, U, and U,, are
the future control input vectors, and U_; and U_, are the
determined past control input vectors of subsystems i and [
respectively. According to the cooperative optimization
approach proposed in section 3 the future control inputs
vector of neighboring subsystem [ in iteration ¢ is constant
and equal to its latest optimal value. G;,G;,H;, and H; are
MPC matrices with appropriate dimensions:

Pk +1) Au; (k)
Y, = : JU; = : LU = Uf ™t
V:(k + p) Au;(k+m—1)
Au;(k—1) Au,(k —1)
Uu_, = : JU_, = :
Au;(k — N) Au;(k — N)
gn O . 0
gip gi(p—l) gi(p—m+1) pm
gin 0 .. 0
Gy = sgizz 91’511 0
Jip  YGiip-1) Jil(p-m+1) pem
Giz — 9in gin+1) — 9in
= [ : : ]
Jip+1) — Jia Jitn+p) ~ Ginl,
Girz — 9in Jiuw+1) — Gin
Hy = : : ]
Jiip+1) — Gin JiN+p) — Gin PN

The closed-form solution of optimal future control inputs
vector of subsystem i could be analytically calculated by
computing the following derivative equation:
dJ; _
% =0 U = (606 + R) G, (W

L

- Z G, U, — Free Responsei> (17)

It should be noted tﬁ;t 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 7;(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 D,;. 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:

Y, =GU; + Z GyU, + Free Response; + Dy, (18)
(£33
where Free Response; is presented in Equ. 16 and:
Dy, = [dn(k+ 1) dpy(k +2) dpy;(k +p)]"
where d,,;; € R™nii. 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:
Yilinearized predictor — Yinonlinear predictor (19)
The elements of Dy, 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 Dy, ,:

-1
Ui(Dnyy) = (GiTQiGi + Ri) GO (W - Z G, U,

l#i

— Free Response; — Dy,

(20)

rlﬁllz?](k)' i=12,...M (21)
Subject to Equ. 3, and Equ. 19.
ul(k+])EUL,]=0,,m—1 (22)
Uf (Dpy) = U™ (Do) VI E Land L # i (23)

~ N 2 _p
|9:(k + p) — Pur, (k + p)IIQi € (24)
with:
J(k) = aJ; +Za’1]z (25)

L
ai,al>0,ai+2al=l (26)
l
and:
14
2

110 = (190 + ) = S e +

w=2, [19:C + 1 = 9,k + D, @7

+ ldna G+ DI, |
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the cost function is represented as the matrix form of:

Ji = (Y = Yar) Qs (Y = Yur,) + Du,"RiDy, (28)

where Y; is defined in Equ. 18 and Yy, is the nonlinear
prediction vector:
Y, = [yNLi(k +1) yNLi(k +2) )A’NLi(k +p)]”

By solving the optimization problem in Equs. 20-27, the
mismatch between linearized and nonlinear models is
compensated and the optimal control input trajectory
UP*(Dyy;) is obtained. The optimal control input is then
calculated as:

w %P (k) = Mu %Pt (k) + w %P (k — 1) (29)
where according to receding horizon criteria the optimal
increment control input Au;%Pt(k) is the first element of
UP(Dpy;). The order of UP‘(Dy,) is mx1 and the
order of nonlinear prediction vector Yy, is pX1 so to
calculate the u;°?¢ in the nonlinear prediction process in
MATLAB, the control signal vector U, .(D,,;) is considered
as follows:

Ui(Dnli) = [Ui(Dnli) 0p-myx1]”

where the 0,_m)x1 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:

1 1

0 = ) L(k)+ZB”(Z 0 30)

The CDGPC matrices WI|| 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 J(k)
Aui(k),...,Au;(k+m—1) (31)
Ui = [Aui(k), ...,Aui(k +m— 1)]T
Subjectto Equ. 30 Vi=1,..,M and [ c L,l # i.
ul(k‘l‘])EUl,]:O,,m_l (32)
Uf =UfL,vleLandl i (33)
19:(k +p) =Wk +p)IG, € ) (34)
with:
J0) = agi+ ) e, 35)
1
ai,al>0,ai+2al=1 (36)
1
and:

14
Ji) = ) W9t + ) = Wlie + I,
=1 (37)

ZuAu (k+j = DI,

the cost function is represented as the following matrix form:
Ji = Y =W)TQ;(Y; = W) + U;"R,U; (38)
where the predicted output matrix is as follows:
Y=oy +mlU_ + Z ThU_, + 01U,
l#i

+ Z 24U, (39)

[£34
The closed-form solution of the vector of optimal future

control of subsystem i could be analytically calculated by
solving the following equation:
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dJ; -1
i =0- U = (0" Q0! +R;) 6" (W
I.
—oly. s U_ ZH{ZU_l
l#i
- !
Z'QLIUZ> (40)
1=
where:
Jitk +1) yi(k)
Y, = : Y, = :
~ ) Y
Yilk +p) s yilk = na,) b +1)x1
Au; (k)
U = : ] . U =Uf?
Au;(k+m -1,
Au;(k —1) Ay (k —1)
U_. = : JU_ = :
Au;(k —np)| , My (k —ny, )
Udnyx1 t

in which n}, nj and nj, are the orders of the Aj;, Bj;
and B/, identified polynomials respectively.

The 9;(k +j),( = 1,2, ...p), is calculated using extended
CARIMA and Diophantine equations via the following
process and supposing that the time delay is zero:

AA}(z Dy (k) = |Bji(z" DAy (k — 1)

£ B (k 1)]

£33

+ ¢l (27 Ve (k) (41)
1=E/(z7)AA(z™) + 27 F{ (z7) (42)
where:

FLG) = figey * fign? 4 figmp? ™ 43)

1 -1\ — -1
@) = eigio) + €7
in which the coefficients of Fi’j(z‘l) and E{j(z‘l) are
computed using the recursive procedure as follows:

+ote; 2700 (49

Fl =z(1—-0Aj(z™Y) (45)
El =1 (46)

Bl @) = B + fiy 7 )
figrray = figary = figoy ~ fioficgen (48)

where d; . ., (@=0,1, ..,ng,) are the coefficients of the
AAL(z™Y) polynomial. The future outputs are achieved using

Equs. 41-42:
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yik +j) = Filj(z_l)}’i(k)
+ Eilj (z™) [Bili(z_l)Aui(k +j
-1

+ Z Bl (2™ ) Auy (k +j — 1)]
l#i (49)
+E{,(z Dei(k + )
The appropriate estimation of prediction of y;(k +j) is
its average so we have:

Vilk+)) = Gilj(z_l)Aui(k +ji-1
+ D Gl Mk +j = 1)
£33
+Fi1j(Z_1)yi(k)! ] = 1' v P (50)
Gi (z™) = Bj(z"HE[ ,(z™) (51

Giy(z1) = By(z")E{ (z™") (52)

J

Since the e;(k +j) is the white Gaussian noise thus, its
average is zero. The new CDGPC matrices in Equ. 39 are
expressed as:

_fi(l,O) fi(llnfzi)
ol =| : :
_fi(p,o) fi(l’.n{zi)
[ Jiy Yiaz i
an Jaz Ii(in},)
T[ll = H E ) E
_gl(p,p) Yipp+1) gi(p,ngi)
Y G i
a1y Jia) gll(l.nf,”)
Ty = g : g: 3
. il ;
il(p,p) Up,p+1) gtl(p,nf,il)
gi(1,0) 0 0 0 ]
_(){— i t?i(z,o) 0 _ 0 ]
Jipp-1) YJipp-2) Jip,0)
Gir1,0) 0 0 0
Jiupp-1) Iilpp-2) gzl(p,o)J

where 9t and it G=12,..,p,q=12,..) are

the corresponding coefficients of the G{j(z‘l) and
Gi’j(z‘l) 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:

y1(8) = =y, (£) + y1 ()% + Tuy () + 4u, (¢)

Y2() = =3y,(t) + 2y,(£)* + 10u,(t) + us(t)?
y3(6) = =2y5() + y3 ()% + 2us(t) + u,(6)

The subsystems are coupled through inputs. The
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discrete-time system could be obtained using the following
Euler derivative approximation:
i) = ()’i(k +1) — y:(K)) /T,
so the discrete-time system is concluded as:
yi(k + 1) = a;y,(k) + 0.1y, (k)2 + 0.7u, (k) + 0.4u, (k)
y2(k +1) = azy, (k) + 0.2y, (k)? + uy (k) + 0.1uz (k)?
ys(k + 1) = azys (k) + 0.1y3(k)? + 0.2uz (k) + 0.1u, (k)
where the sampling time is T, = 0.1 and:
a, =09,a,=0.7,a; =08
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) /T, - N; = 60,N, = 20,N; = 30

12 T

Step Response

Time (Second)
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 N; = 60,N, =20 and N; =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<u;<4,i=123

The reference trajectory is considered as the following
equation:

001 0=<t<25

0.02 25<t<5

-001 5<t<75

0 7.5<5t<10

where the gy, is the amplitude’s coefficient of the reference
trajectory. In the first step of the simulation, we set the
amplitude’s coefficient as gy, =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.

W(t) = gw *
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Fig. 2. The predicted outputs of the nonlinear large-scale
system with gy, = 10 and using cooperative distributed DMC
algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3.

(a)
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- 0%
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 3. The predicted outputs of the nonlinear large-scale
system with gy, = 10 and using proposed constrained
CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c)
subsystem 3.

a
0.5 T T T T (u) T T T T
N =ress G U
osb— 1
0 1 2 3 4 5 6 7 8 9 10
b
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0 1 2 3 4 5 6 7 8 9 10
(4
0.5 T T T T (u) T T T T
o 0 W
og—1
0 1 2 3 4 5 6 7 8 9 10

Time (Second)
Fig. 4. The predicted outputs of the nonlinear large-scale
system with gy, = 10 and using proposed constrained CDGPC

IECO 9

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; g, = 50,80,110, and simulation results
are shown in Figs. 5-10.

a
2 T T T T (I) T T T T
- 0%
2 I . : I : : ‘ I .
0 1 2 3 4 5 6 7 8 9 10

y2
o

y3
o

0 1 2 3 4 5 6 7 8 9 10
Time (Second)

Fig. 5. The predicted outputs of the nonlinear large-scale
system with gy, = 50 and using proposed constrained
CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c)
subsystem 3.

(a)
2 T T T T T T T T T
o . ———
0 1 2 3 4 5 6 7 8 9 10
(b)

y2
o

y3
o

0 1 2 3 4 5 6 7 8 9 10
Time (Second)

Fig. 6. The predicted outputs of the nonlinear large-scale
system with gy, = 50 and using proposed constrained CDGPC
algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3.
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0 1 2 3 4 5 6 7 8 9 10
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Fig. 7. The predicted outputs of the nonlinear large-scale
system with gy, = 80 and using proposed constrained
CDEDMC algorithm. (a) Subsystem 1; (b) subsystem 2; (c)
subsystem 3.
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Fig. 8. The predicted outputs of the nonlinear large-scale
system with g, = 80 and using proposed constrained CDGPC
algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3.
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Fig. 9. The predicted outputs of the nonlinear large-scale system
with gy, = 110 and using proposed constrained CDEDMC
algorithm. (a) Subsystem 1; (b) subsystem 2; (c) subsystem 3.
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Fig. 10. The predicted outputs of the nonlinear large-scale
system with gy, = 110 and using proposed constrained
CDGPC algorithm. (a) Subsystem 1; (b) subsystem 2; (c)

subsystem 3.

when the amplitude’s coefficient is gy = 50, both
methods have proper responses according to results in Figs.
5-6, however, according to Fig. 7 by increasing the gy, 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 gy, =
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, a;,a, and a; change as:
a;lew — a‘gew — a‘{lew =04

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 gy, = 50 and using
proposed constrained CDEDMC algorithm. (a) Subsystem 1; (b)
subsystem 2; (c) subsystem 3.
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Fig. 12. The predicted outputs of the nonlinear large-scale
system with imposed uncertainties and gy, = 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=aii +az)s, ata;=1
while according to typical cooperative DMPC methods, the
global cost function is defined based on all three subsystems
[1, 21]: J=h+L+]s

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
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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 g,, = 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.

20 T

Cost Function Values
5

Time (Second)
Fig. 13. The cost function values of the local controller of the
uncertain subsystem 1 with gy, = 50 and using typical (dash
line) and proposed (solid line) cooperative optimization

strategies.
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Fig. 14. The cost function values of the local controller of the
uncertain subsystem 2 with gy, = 50 and using typical (dash
line) and proposed (solid line) cooperative optimization
strategies.
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Fig. 15. The cost function values of the local controller of the
uncertain subsystem 3 with gy, = 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 |
Maximum, Average And Standard Deviation Indicators Of
Cost Function Values Of Subsystem 1
Subsystem 1 Max Avg Std

Proposed cooperative

. 12.3619 0.8072 2.0687
optimization strategy
Typical cooperative o 600 9910 2.8268
optimization strategy ' ' '
TABLE Il

Maximum, Average And Standard Deviation Indicators Of
Cost Function Values Of Subsystem 2
Subsystem 2 Max Avg Std
Proposed cooperative

N 2.4535 0.3947 0.45
optimization strategy
Typical cooperative 37308 0.5011 0.64
optimization strategy ' ' '
TaBLE I

Maximum, Average And Standard Deviation Indicators Of
Cost Function Values Of Subsystem 3
Subsystem 3 Max Avg Std
Proposed cooperative
optimization strategy
Typical cooperative
optimization strategy

2.6338 0.3152  0.4367

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 g, =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 g, = 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).
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Fig. 16. The predicted outputs of the nonlinear large-scale
system with gy, = 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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A Controllable Bidirectional Rectifier for EV
Home Charging Station with
G2H/G2VH/VV2H/\V/2G Functions
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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
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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

fCorresponding Author: Hsoltani@email.kntu.ac.ir
Tel: +98-9162490139

Faculty of Electrical Engineering, K.N.Toosi University of technology,

Tehran, Iran

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



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
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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.

Il.  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 Spy)
have a high-frequency operation and switches of the right leg
(Sps and Sps) 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- Model (G2H)
e 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



switching cycle is divided into two states. It is worth
mentioning that only Sp; and Sp; have a high-frequency

operation and Spz 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<DTSs), the Lp is magnetized by
(V) via the path provided by Sp; and Des [Fig. 2(a)]. In the
next state (DTs<t<Ts), Sp is turned OFF, so Cp is charged by
the energy of L and the grid [Fig. 2(b)].

Vg<0: In this condition, as shown in Fig. 2(c)-(d), Se1 has
a high-frequency operation. First, Sp1 is ON, so Lp is
magnetized by (-Vg) via Dpz and Spy path [Fig. 2(c)]. Then,
Sp1 is turned OFF, so Cp is charged and Le is demagnetized
[Fig. 2(d)].

The voltage of Lp is obtained in the positive cycle of grid
voltage by Eq. (1):

{VLp =Vg 0<t<DTs

VLp =Vg —Vbc DTs<t<Ts (1)

By applying the volt-sec balance law, the voltage gain of

the boost rectifier can be achieved by Eq. (2):
Vo 1

Vg 1-D 2

e Secondary Stage

In this mode, the DC-DC stage can work as a buck and
boost converter and control the V, voltage according to V,
reference. When the converter is operated in this mode,
relayl is turned ON and relays 2 and 3 are turned OFF.
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Fig.3. The operation states of the secondary stage during mode 1
(a)-(b) Buck (c)-(d) Boost

A- Buck

Sss3, Ls, and Ds; are the main components of the secondary
stage in the buck condition. The switches Ss; and Ss; are OFF
in this condition.

State 1 (0<t<DTs): In this state, Ss3 is ON, so Dg; is
reversely biased and Ls is magnetized with (Vpc-Vo)
[Fig.3(a)].

State 2 (DTs<t<Ts): at t=DTs the Ss3 is turned OFF, so Ds;
is directly biased. Ls is demagnetized with (-V,) and Cs is



charged [Fig. 3(b)].
As depicted in Fig. 3(a)-(b), the voltage and current of L
and C; are obtained as follows:

Vis =Vboc —Vo O0<t<DTs
Vs =—-Vo DTs<t<Ts (3)
ics = iLs—— 0<t<DTs
iCS:iLs*f0 DTs<t<Ts
Vo (4)

The volt-sec principle can be written as:

171 pDTs Ts

E[ [ (Voe-Vo)dt+ J.DTS(—Vo)dt} =0 o
So, the voltage gain is obtained by:

Vo D

Vbc (6)
And the average of L current is calculated by:

. Po

<|Ls> =—

Vo )
B- Boost

In the boost condition, Ss; and Ss; are ON and Ss; 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<DTSs): In this state, Ss; is ON, so Ds; is
reversely biased and Ls is magnetized with (Vpc) [Fig. 3(c)].
Since Ss; is ON, the Ds; is reversely biased.

State 2 (DTs<t<Ts): at t=DTs, the Sg; is turned OFF, so
Ds; is directly biased. Ls is demagnetized with (Vpoc — Vou)
and C; is charged [Fig. 3(d)].

The voltage and current of Ls and Cs are obtained as
follows:

Vs =Vbc O0<t<DTs
Vs =Vbc —Vo DTs<t<Ts ®)
ics=—E 0<t< DTs
iCS:iLs—E DTs<t<Ts
0 9)
The volt-sec balance can be written as:
1 DTs Ts
E I:Io (VDC )dt + J.DTS (VDC —Vo) dt] =0 10)

So, voltage gain can be obtained from:
Vo 1

\E_l—D (11)
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And the average of Ls current is calculated as:

1-D Vo (12)

2- Mode 2 (G2VH)
e Primary Stage

The operation of this stage in the second mode is exactly
similar to the first mode and rectifies grid voltage [Fig. 2].

e 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, Ss; and relay 1 are
turned ON, and relays 2 and 3 are turned OFF. The switching
cycle is divided into three states:

Statel (0<t<D;Ts): In this time interval, both Ss; and Ss;
are ON, so Ds; and Ds3 are reversely biased. Ls is magnetized
with Vpc [Fig. 4(a)].

State 2 (D;Ts<t<D,Ts): at t=D;Ts, Ss; is turned OFF and
Ds; is directly biased and the battery is consequently charged.
Ls keeps charging with (Vpc-Ves). Until t=D,Ts, the Cs
handles the DC load [Fig. 4(b)].

State 3 (D,Ts<t<Ts): at the beginning of this time interval,
Ss1 is turned OFF, so Dss is directly biased, and Ls is
demagnetized via Ds3 and Cs path [Fig. 4(c)].

Cs Vo§
- J - |D]

Fig.4. the operation states of the secondary stage during
mode2

The voltage and current of Ls and Cs are obtained as
follows:
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Vis =Vbc 0<t<DiTs
Vis=Voc —Vs DiTs <t < D2Ts
Vs =Voc —Vo DaTs<t<Ts (13)
icsz—& 0<t<DiTs
. Po
lcs=—— DiTs <t < D2Ts

Vo
ics=i|_s—& DaTs<t<Ts

Vo (14)

The pertinent equation for the volt-sec balance can be
written as follows:

1 [ pours D2Ts Ts
i“ (Voo it +-[DlTs (Voo —Ve)dt-+ IDsz (Ve _Vo)dt} =0 (15)

0

The output voltage (Vo) of mode 2 can be calculated using
Eqg. (16):
= L VDC—DZ_DI\\/B

1-D:2 1-D2 (16)

By applying the current-sec principle on Cs, the average
current of Ls is obtained as:

1 Po

<ILS>_1—D2\E @7

Vo

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 Sss 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.

e Secondary Stage

In this mode, Ss; is ON and only Ss; has a high-frequency
operation.

State 1 (0<t<DTs): in this time interval, Ss; is ON, so Ls is
magnetized with (V) [Fig. 5(a)].

State 2 (DTs<t<Ts): at the beginning of this time interval,
Ss1 is turned OFF, so Ds; is directly biased, and Ls is
demagnetized by (Vs - Vo) [Fig. 5(b)].

The voltage across Ls in mode 3 is determined by the
following equations:

Vis=Ve 0<t< DTs
Vis=Ve—-Vo DTs<t<Ts (18)

The Ls volt-sec principle can be written as:

{7 (Ve + [ (Vo-Ve) et | <0

S

(19)
So, the voltage gain is be obtained by:

Ve 1-D (20)

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 Vpcrr. 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.

e 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<DTSs): in this time interval, Ss: is ON, so Ls is
magnetized by (V) [Fig. 5(c)].

State 2 (DTs<t<Ts): at t=DTs, the S is turned OFF, so
Ds; is directly biased, and since R1 is ON, LS is
demagnetized by (Vs - Vioc) [Fig. 5(d)].

The Ls volt-sec balance law can be written as:
1

i I:IODTS (VB )dt + J‘;; (VB —VDC) dt:| =0

(21)
And voltage gain is obtained by:
Vbc _ 1
Ve 1-D (22)

e Primary Stage



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):

VLp =Vbc —Vg O0<t<DTs
VLp = —Vg DTs<t<Ts (23)
By applying the volt-sec balance law, the voltage gain of
the buck inverter can be estimated by Eq. (24):
Vs _p
Vbc (24)
C. Design Considerations
= Le

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):

Viex DxTs
Le (25)

By using KVL during inductor magnetizing time, the
inductor voltage is achieved as:

Aig =

Vi =Vg (26)
By substituting the voltage gain of boost rectifier (27) into
(26), the Lp’s current ripple is obtained as Eq. (28):

Vg = (1— D) xVbc @27
A :VDC xDx(1-D)
Lpx fs (28)

The worst case in calculating Le 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):

Max(D(@— D)) =0.25 (29)
e
4x Aigx fs (30)
Hommmmmmmeem oo
Spy ; i
Ig [ Leicl: i
| F
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(d)

Fig. 6. The operation states of the primary stage during mode4
(a)-(b) Vg>0 (c)-(d) Vg<0
= Coc

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:

Voc =Vbe + AVoc (31)
where Vbc and AVoc are the average value and oscillating

amplitude of DC-link voltage, respectively. The energy of Cp
can be calculated as follows:

1‘C:P 'VDC2 =J- r)dt
2 (32)
where P is the oscillating value of the instantaneous power:

p = 2VI cos(2mt + @) (33)

By substituting Eq. (33) into Eq. (32), the required value of
Ce is obtained as:

2Vglg
Coo—2Volo
@AVocVbe (34)
= Ls

The DC-DC stage operation in the CCM condition depends
on the Ls value, which can be calculated as follows:

Ds*(Voc —Vo)Vo
Poutfs (35)
= Crand L+

To design an effective input filter, the maximum value of the

Ls min =



capacitor of the filter can be obtained as:

<meﬂtmm

Nm a)LVng (36)

Cf max =

where Vmand Im 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 (Lrq) can be calculated by

using Eq. (37):
1 407 x[i}x Ve*
472'2 fCZCf L Poul (37)

where fc is the cut-off frequency and Ly is the grid

Lt = Lreq+ Lg —> Lreq =

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. Ry,
and Ry are the equivalent series resistance (ESR) of the
primary and secondary inductors, respectively. The primary
and secondary stage diodes forward resistance are Reppi and
Repsi, respectively, with Veppi and Vepsi threshold voltages.
Similarly, rpspi and rpssi are the primary and secondary
switches ON-state resistance. ESR of the capacitors is
assumed to be ry and re. 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:
IO

PRLS = Rle 2n'ns,Ls = RLS( )2
1-D» (38)
PRLp = RLp| ms,Lp = RLp(Im‘SDLZ) =
lo
Rup(————)?
"(1-Dy)(- D) (39)

where De 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:

1 OTs 1 O
lms,sp2=  [— I isp.2dt = |— J. iLo2dt = +/DpiL, =
Ts o Ts ¢

7\/D_p lo
(1-Dp)@—D2) (40)
D:Ts J_
lms, s1= |52dt_'\l 2iLs =
. TsI : =Dy

(41)
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|rms,52: iDj:rsiLszdt = \/E lo
s 5 (1-D>2) (42)
e, 53— —
- (@-Dy 43)

So, the conduction losses are calculated as:
_ ND» 10)?
(1-Dp)(1-D>) (44)

JD:

Pr DsP2 = rDspzl 2rms,SP2 = rDspz(

PrDss1: rDss1| 2rms,Sl= r0551( |0)2
-D> (45)
<D
PrDSSZZ rDsszl 2rm5,82= rDssz( ! |0)2
1-D: (46)
2 1 2
Prosss = rossal “ms,s3= rDsss( |o)
1-D: (47)

The switching losses should also be considered that can be
calculated by the following equations:
Vg

PSWPZ = fsCsVP 22 = fsCs (l_ Dp )2 (48)
Vo,
Psws1=fsCsVs1® = fsCs(— > )? (49)
2 Moy,
Psws2 = fsCsVs2” =fsCs (E) (50)

RMS values of the diodes’ currents can be calculated as:

Ts
|rms‘DP1—\/Tls.£iDP12dt \/ S '[ |Lp2dt ‘\llpoin:

DpTs (51)
-\ll—Dp
(1-Dp)(1-D2)
Ts Ts
Inns,DF‘A:\/Tl-[iDPAZdt =\/_I_1J.in2dt =i, =
5% S
(52)
1
(1-Dp)(1-D>)
DzTs
lms, ps2 = i I iLsZdt = DZ_D1|0 (53)
TS o7 1-D2

Ts
Ims. Ds3 = i j iLs’dt = ! lo (54)
TS 5o 1-D:

So, the diodes’ forward resistance losses can be calculated as:

b

1-Dy)(1-D2)

2
P reors = Reppal “ms, op1 = Rrop1(

(55)



2
P Reors = RrpPal “ms, pPa =

56

RFDPA(; |o)2 (50)
(1-Dr)1-D>)

P Reos2 = Reps 21 Zms, s 2 = Reps 2(ﬂ lo)? (57)

1-D2

1
P reoss = Rrps 3l 2ms, bs 3 = Rrps 3(—— Io)? 58
And their forward voltage losses are calculated by Eg.
(59)-(62).

Pvr, op1=Vrorilor1= (\/FDPl)(l L lo) (59)
—-D:
Pvr,popa =V ropralppa =
1 (60)
— 1o
Ve ) Bya_Da)
—D:
Pve,ps2 =V ros 2lps 2 = Vs 2)( ) lo) (61)
2
PVF,DS3:VFDS3|D83=(\/FDSS)('O) (62)

To calculate the capacitors’ power losses, their RMS currents
are needed, so:

lms, cs =\/_[_];|:D_1IS (_lo)zdt + T (ies — |a)2dt:| =

D2Ts

(63)

J(D2163) + @—D2)(iis — Io)? =

Ims,m:\/_l_lsrifs(iLs)zdt+T (in)Zdt}:

DpTs

\/( Dp Mo 2 +( D»? ) l Dp o
(1-D2)? @-Dy)A-D2)’  \@-Dy)A-D2y

So, the capacitors’ power losses are obtained as follows:

(64)

o) (65)

Pre, = I 2ms = ’— 2
I'cp ,Cp = GC( (1 Dp)(]_ D) ) (66)

The total power loss is the sum of the calculated losses,
which is obtained by:

PLoss =ZPRL+ZPI’DS +ZPSW +
Z Prro +ZPVFD +Zprc

And finally, the efficiency of the proposed converter in

mode?2 is calculated by Eq. (68):
1 1

Pres = resl ms.cs = rcs(

(67)

T Ploss A B C D
1+ 1+ 7+ 5 >+ 7+
Po Ro(1-D2)? Ro(l-Dp)’(L—D2)?> Po(1-Dp)’  2Po
L (68)
E F G H

+ + + +
Ro(1-D2) 1-D: Ro(l-Dp)(1-D2)* (1-Dy)(1-D>2)
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where
A =Rus+rossiD 2+ ross2D 1+
rosss+ Rros2(D 2— D)
B =Rup + Iosp2Dp +
Rrop1(1—Dp) + Rrora
C =fCsV,°
D =fsCsVo? + X epsslo
E =Repss+resD 2
F =Veop1+Veos2(D2—D1)
G =rcpDp
H =Verorlo

(69)

I1l. 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 |. THE COMPARISON OF THE PROPOSED CONVERTER WITH
CONVENTIONAL CONVERTERS

Operating modes Number of
Reference high-freque
-ncy
G2H | G2VH | V2H | V2G | G2V | gitches
[5] X X X X v 1
[19] v x x v x 12
[20] X x x v v 6
[21] X X x v v 6
[22] x x x vV 8
[23] x x x v Y 3
[24] X X X X v 2
[25] X X X x 4 8
[26] x x x x v 3
[27] X X X X v 2
[28] v x x X X 1
[29] v v X v v 6
The v v v v 7
proposed
converter

V. 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



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 (P1) 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
Vocret 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
Pl controller is first used to modify Vpcrer in order to track
active power command (Pc). Afterward, another PI controller
is used to track the calculated Vpc rer. 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 Vpcrer 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

International Journal of Industrial Electronics, Control and Optimization [GRAYAl

IECO 107

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):

Qref

0=tan*(>") )
e = _ P

Vg Cos(60) (71)
iref * = /2lret Sin(ex — ) (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 Pl parameters calculated
according to Fig. 8 and Table.2.

Refrence
Current

NOT) ]
n > AND [>Sp, :" Sp1

f* Sp2

s 5
Se3 :Ab SP4
Spa /‘

Fig. 7. The proposed control method
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Fig. 8. The bode plot of the DC-link voltage

TABLE Il. THE BODE PLOT PROPERTIES
Closed-loop via controller

Bandwidth 31.9rad/S
Open-loop
Gain Margin -54.5dB
Phase Margin -40.1 deg
Open-loop via Controller
Gain Margin 37.3dB
Phase Margin 85.1 deg
Closed-loop
Gain Margin 37.2dB
Phase Margin 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 Vim), 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 model or
mode 2. Fig. 11 shows the current loop PID output which is
compared with a 30 kHz triangular wave. The Sp; and Sp;
gate pulses are depicted in Fig. 12. As already mentioned, Sp1
and Sp; have a high-frequency operation in the negative and
positive half cycle of the grid voltage, respectively.

TABLE Ill. THE PROPOSED CONVERTER’S SPECIFICATIONS

Simulation Experimental

Input voltage 220 V(RMS) 30 V(RMS)
(Vg)
Output voltage 400 V 160 V
(Vo)
DC-link voltage 340 V 110 V
(Voc)
Output Power 5kw 200 W
Battery Voltage 320V 70V
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 4.24% -
current THD

AC Input 50 Hz 50 Hz
Frequency
Switching 30kHz 30 kHz
Frequency
Maximum 2% -
Output Voltage
Ripple
Power Factor 0.99 0.99
Controller - ARMSTM32F103RET
Mosfet - KF13N60
Current Sensor = ACS712

IECO 108

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. 11. The current loop PID output and triangular wave
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Fig. 12. The gate pulses of Se1 and Se2 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. 15. The voltage and current of Ls in mode 1

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 model

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,
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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 model

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 Vpc
and Vo are depicted in Fig. 21. The output voltage ripple is
less than 1.5%.
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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~Sps. Se1 and
Sr2 have a high-frequency operation, and Sps and Sps Operate
with grid frequency. Figs. 26 and 27 illustrate the input

current waveform and its FFT analysis, respectively.
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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 (Spx and Sey) 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 (V) 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 Sp; and Sp, gate pulses
are depicted in Fig. 12. As aforementioned, Sp; and Sp; 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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VIl. 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].

 Corresponding author: miladniazazari@mazust.ac.ir
Department of Electrical Engineering, University of Science and
Technology of Mazandaran, Behshahr, Iran.

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
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transient reactance (X'4 /2). Two methods of LOE detection are

presented in the SEL-300G relay manual [18]. These two cases
are shown in Fig. 1.

Xa= Generator direct-axis reactance

Xs= The sum of the step-up transformer reactance and system
reactance

X' = Generator transient reactance

X
R R
IX al2
- Zone 1 1P.U.
1.1%X 4 X4
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(@) (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.

I1. 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



International Journal of Industrial Electronics, Control and Optimization [GlAYAl

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
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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:

e=22%ins @)

~ Xd+Xs

where P 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, Xq is the d-axis
synchronous reactance, Xq is the system impedance, and § 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 E 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 §
increases. The maximum mechanical power can increase until
the load angle reaches §=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 &
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.
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Fig. 2. Generator active power — angle diagram
When a generator operates at § =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.

I11. 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.
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Fig.3. Generator operation thermal limits [26]
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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

2
]% = Tmech — Telec (&)

where
6= the angular position of the rotor
Tmeeh = the mechanical accelerating shaft torque applied to
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the rotor

Teec = 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 &
in terms of a synchronous rotating reference frame as

2

poles

0=

(wt+96) 3)

where w is the synchronous electric frequency and § is the
electrical angle between a point on the rotor and the
synchronous reference frame. & is often taken equal to the
synchronous-machine power angle, so, Eq. (4) becomes as

follows for a generator with two poles:
2

]% = 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 w,.
Since for most situations of practical interest, deviations of
o from synchronous speed are very small, _ can be
replaced by the synchronous rotor velocity o, = (2/poles)w ,
giving

2
jws % = Pnech — Pelec ®)

In the LOE condition, the load angle (i.e &) 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 (dd/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 (dé/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
(dd/dt), both sides of (6) with dd/dt are multiplied as follows:

) d?§_ds dé (6)
JWs (ﬁ) a = (Pmech — Petec) a
or
1 d dé dé
ijs a (E)Z = (Pmech — Petec) a @)

Using Eq. (7) and performing some trigonometric
derivatives and integrating, the derivative of the load angle
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can, finally, be found as follows:

ds 5,2
= - — 8
dt \]LO (] s ) (Pmech Pelec)dS ( )

Before LOE occurs, &, is the load angle and at this time
do/dt=0. As soon as LOE happens, dd/dt is no longer zero,
and the load angle changes. When do/dt=0, i.e., the load
angle stops and the generator operates in a new stable
condition with motor performance.

s (9,2
E = Lo (E) (Pmech - pelec)(16 =0 (9)

It should be noted when dd/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 (8). The load angle variations and speed are
depicted in Figs. 5(a) and (b) after LOE occurs.
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Fig.4. The generator’s terminal voltage and Q after LOE
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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:

AV =V, — Vi, (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 AV becomes negative. Also,
we will have for 6 after the LOE event:
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AS =6 — 6y (11)
According to Figure 4(a), it can be said that after the LOE
event, the value of Ad is positive and it will increase. Also,
do/dt is positive.
With the multiplication of derivatives of the two sides (1) and
(2), we will have:
AV %« AS = (Vi — Vie_1) * (6, — 8,_1) and:

(dV/dt) = (d8/dt) = (d(Vi — Vi) /dt)

GOl (12)

dt
It should be noted that the terms (V, — Vi_,) and (& —
Skx-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
= K * ((dV/dt) = (d§/dt)) (13)

Various permutations of the electrical quantities are multiplied
to one another for better detectors as expressed in Eq. (3). K¢
is an amplified quantity to increase the detection index value
and it depends on the index parameters and k; = 10° . 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 (6) 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.
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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.

:M_

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

No

[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.

A\ t

A
YatAx

Fig.8. The dé/dt oscillations during the slowest power swing
[31]-[36]

IVV. 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
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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+JQP.U.

L1 [ 0.1+4j0.2 [ L5 [ 0.5+j0.4 [ L9 [ 0.90.2 [ L13 | 0.5-j0.6
L2 [ 0.1+j0.3 | L6 [ 0.7+j0.2 | L10 | 0.7-0.5 | 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.

Ec vr T1

5]

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.

Infinite
bus

Load
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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.
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LOEDI
o
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Time(s)

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
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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).

dv/dtin SPS
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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.
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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
to0 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.
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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
P g (Pu) Mode of LOE
LOE,EF=0
Heavy || 8-0.9+j0.3 | Laging | PLOE,EF=0.2
loading
PLOE,EF=0.4
LOE,EF=0
Heavy 1) 10=0.7j0.5 | Leading | PLOE,EF=0.2
loading
PLOE.EF=0.4
" LOE,EF=0
Light 1) 5201+j03 | Laging | PLOEEF=0.2
loading
PLOE.EF=0.4
LOE,EF=0
Light . .
. L16=0.1-j0.2 | Leading | PLOE,EF=0.2
loading
PLOE,EF=0.4




©2021 IECO

International Journal of Industrial Electronics, Control and Optimization

124

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 nprotection based on flux method
combined with negative sequence current
(LOE-FVNSC)

- LOE-TDFM

The results are presented in Table Il1.

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 Il shows that our

. . TABLE I . proposed method outperforms all other methods. In the LOE
The Comparison of Different LOE Detction Methods . L . .

- E— fault detection method, comprehensive simulation studies for
?_ay type rip Time(s) different system conditions and generators were examined
Positive Offset 11.2s by designing and simulating the synchronous generator
Berdy 10.4s simulation circuit. The results of these studies have shown
LOE-FIM 9.1s that the proposed strategy is faster and more accurate. The
LOE-FBM 3.1s algorithm distinguishes the LOE fault from the stable power
LOE-EVNSC 31s swing (SPS) and prevents the relay from malfunctioning. It
LOE-TDEM 17s also prevents damage to the _generator if the LOE occurs with
the correct operation. With the proposed method, the

LOE-DVAM 1.67s ; :
protection and security of the synchronous generator as the

most important device of power grids increases, and the LOE
detection time is reduced.
APPENDIX

According to the methods in Table 11, Fig. 15 depicts the
faster performance of the LOE-DVAM relay.

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, =60 HZ
H=3.2's, V=13.8 KV

g i Clos o Xd= 1.305pu, Rated MVA 210 | i5-2=100km
llllllllllllll — Xq=1.274 pu MVA V=230 KV
| 2 4 6 8 10 12 14 1. G—P X'd=0.3 pu, X'g= Z-=27+
0.243pu Rated voltage =0.042+0.139
—_ . 13.8/230 KV At
i X"d=0.23 puX"g= Uk=12.5 % Ohm/Km
PR 0.24 pu - 20
T'do=5 s, T°qo=1.01 s C°””'5|§:'(‘E mode | _ 159+0.7360hm/
Fig.15. Various relay performance comparison Td=, T g=0.09s Km

Rated power factor
0.9 lagging
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Hydro, Photo-voltaic, and Pump-storage
Considering WT-ANN-ICA Hybrid Prediction
Method
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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 (10) 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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u(h,t)

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

/S(SySpsSpys Spss Sny 1)

k.. K.,k Water to power conversion
th Rone Ky

coefficients

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



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 GENCO:s 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 10 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
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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 10 of
all four unit types with and without considering the
availability.

Il. THE PROPOSED METHOD

The proposed algorithm for programming of generation and
unit commitment of WFs, PV, CHUs and PSUs including two
WEFs, one PV, three CHUs and three PSUs in both CO and 10
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.
(2). 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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o _ 1
WT (a,b) =%J.f(t)y/(%)dt @)
a=2"ph=k2'cRa=0
t1) == [[¥, Sy (-=2)dadb (2)
Cy ab a a

Where, y (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 (Dhl, 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).

2
min FunctionCest ~ MSE = %i\ym =Yl )
in=1
TABLE |
Number of Layer’s Neurons and Layer’s Transfer Function of Neural
Network
Number of Number of Transfer
Layers Neurons Function
1 5 Tan-Sigmoid
2 3 Tan-Sigmoid
3 1 Liner
TABLE Il
Characteristic of Neural Network.
Network Type Feed Forward

Gradient Descent Momentum
and an Adaptive Learning Rate
Gradient Descent Weight and
Bias

Mean of Squared Errors

Training Function

Adaption Learning Function

Performance Function
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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).
Noou 4
COStempire:COStimperialisl +,\?7.1 z (COStn) ( )

coL n=l
where: Ncio 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 a. 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.

200 T T
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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.
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Fig. 3: Wavelet decomposition

PY (W, 5,) = P s + APY (w,5,t) ©)

t=1..,24, S=1..., S, w=1.., W,
¢) 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).
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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].
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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 P, (i,t) with price E,, (t) . Eq. (8) also
shows the operation cost as a function of unit generation power
P, (i,t) - EQ. (9) shows the imbalance revenue/cost of unit as a

function of difference between proposed and generation
(delivered) energy (R, (i,t)—P,(i,t)) - Ed. (10) indicates
imbalance revenue/cost function. Where (t) and g(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) 7 is a number
between zero and one, also three variables P;(t)¢ (Sm ).

and E, (t) are unknown before the energy delivery time. These
three variables cause uncertainties and risks in programming.

Rr(i,t) =Ry (i,t) - C; (i,t) - C;py (i, 1) (6)
Ry (i,1) = Py (1,).Ex (1) + Py (i,1). Exg () + Prgg (1,1). Erge (1) )
C, (i,t) = (a, +b,.Pg (i,t) +¢,.P2(i,1)).M (i,t).AV (5,i,1) (8)
+ (U cosr (i, 1) + Deggsr (i, 1) AV (5,1, 1)

Cono () = Ciny (i,1). F (P (1,1) — P (i, 1) )
Cinp (i) = [a(t) + ﬂ(t).(PS—“))Z]-(Ps 1) -Ps () (10)
P (t)
{ﬁ(t) =(1+7).Eo (1), a(t)=0 PP (11)
a(t) =1-n)E, (1), B(t)=0 P(Ps

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).

ER =Y 33 S p(5,15,.5p005050)

t=1  sp=ls,=ls=1s,=ls,,=1

SI\F SMI\/ SN—l SV\PS SNF’\/ WN
max

Rs(s,,t)-C; (s
Cimb (sw’ sp ' Spv' ps?
Rs(s,t) = (EP (8p,1)-Ps (1) + Egr (S, 1)-Psg (1) + Ensr (S0 1)-Prse (t))
Cimb(sw' sp 1 Spv' sps ' Sh » W, pV, pS, hvt) = 6imb (S,t). f (Ps (t) _PG (swV Sp ' Spv' sps'

Cr(SurSprSpus Spss S W, PV, S, h, 1) =

S,,S,,S

RT(SW’SP‘SDV‘SPS’Sh’W’ pV, psrhrt):[ s

[%" A, AV (s, W, t)] + [PZSN:(ADs +U cosr (PS,1))-AV (S, ps,t)]

ps=l

h=1

+[%(BATTCO5T(k = pY1).AV(s,, pv,t)]

pv=1

w? Op1 pyr Ops?

Sy, W, pv, ps, h,t)
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PSy Hy PVy

12
D D> D RilSuiSp:Spys Spes Spa W, PV, ps,h,t)J (42

w=l ps=1h=1 pv=1

S,, W, pv, ps,h,t) —J (13)
(14)

Sy, W, pV, ps, h,t)) (15)
(16)

Hy
+[Z(Ah + Bh.PGH (Sws S Spus Spss Snr Wy PV, PS, N, 1) +U o7 (0, 1).N(h, 1) + Deggr (0, 1).N(h, 1)) AV (s, h, t)

Where: BATTcosr (ki) = [ (ZS, (k1) +b™ (KPS (k D] +[a° (231 +b° P (k)] +CC(K)

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: (Eqg. (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),
Eqg. (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: (Eqg. (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: (Eqg. (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
(10) without considering availability

In order to consider an independent or coordinated planning of
units without reliability, uncertainty parameters are WFPG,

PVG and market price (S, SprSpy ) and the availability of the

units are taken constantly equal to 1 ( AV (s, i,t) =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



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
(10) 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 I0.

In this case, uncertainty parameters are WFPG, PVG, market
price and availability of WFs, PV, CHUs and PSUs

(SW,Sp,SpV,Sps,Sh).

I11. 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 PM% =300 and PM¥ =10 . IEEE standard

values are assumed for the historical data of WFPG. The PV
PMW — 4.68, PMY =0 and

max ' ' min

nominal generation power is

6=0.75 The CHUs nominal
PmMa\:(V:7OvP,-,’1wir\1N =9 , HZ:PMW=70 pMW _ 4

pMW _115 PMW _17, where, H; and H; are upstream

max 17 min

power limits are

H, and

H,:
units of Hs 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, 77 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 10 of units and the expected profit of CO and 10 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 10. Using WT-ANN-ICA
method is more accurate comparing with WT-ANN method in
which the mathematical expected profit is respectively

International Journal of Industrial Electronics, Control and Optimization [GRAYAl

IECO 135

increased to 7034.47 and $4292.8 for 10 and CO.

Natural
i

Natural

inflow inflow

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 10 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 10. Using WT-ANN-ICA method, imbalance revenue
decreases in both CO and 10. 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.

ce (USDIMWh) and Variance
& 8 ]

Forecasted Market Pi
5

Time ()

Fig. 8: The forecasted market price (energy price, spinning reserve and non-spinning reserve) and their variance.
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Power generation bids (MW) of WFs, PV, CHUs and PSUs in CO and 10 with and without availability using WT-ANN-ICA method

Reliability Without Availability With availability
State operation 10 10
- co co
Load Time WFs PV CHUs PSUs WFs PV CHUs PSUs
250 tl 171 0 93 -36 2405 171 0 93 -26 248
180 t2 1715 0 57.6 -98 129.1 A¥ 0 57.6 -98 46.5
185 t3 171 0 26 -98 85 AY 0 26 -98 22
190 t4 170 0 27.3 -98 110.7 83.5 0 27.3 -98 245
195 t5 168.5 0 30.3 -98 115.6 168.5 0 30.3 -68 1255
200 t6 168.5 1.008 40 -98 125 168.5 1.008 40 -98 125
260 t7 167.3 1.548 57.7 12 259.5 167.3 1.548 57.7 2 239.7
250 t8 168 1.95 80.1 -89 178 168 1.95 80.1 -89 178
310.5 t9 166.5 2.002 101.5 44 3105 166.5 0 101.5 -16 256.1
355 t10 165.5 2.56 111.2 58 349 165.5 0 111.2 68 355
355.5 t11 165 3.2 118.9 58 355.5 165 3.2 118.9 58 355.5
361 t12 165 412 1215 58 361 165 412 1215 58 361
350 t13 164.5 4.68 124 58 3495 164.5 4.68 63.5 58 295
365 t14 165.7 461 126.2 58 365 165.7 4.61 65.7 58 300.5
3755 t15 163 4.2 130.7 58 3714 163 4.2 130.7 62 375.2
381 t16 163.6 3.31 145.87 58 380.6 163.6 3.31 109.4 58 329
378 t17 164 3 147.3 58 378 164 3 110.5 58 341
394 t18 163 2.145 148.9 58 382.3 163 2.145 148.9 68 393.1
390 t19 159.5 1.45 152.6 -36 281 159.5 1.45 152.6 -16 298
395 t20 161.5 0 162.5 98 4315 161.5 0 162.5 98 4315
390 t21 161 0 162.8 58 386.8 161 0 162.8 58 386.8
395 t22 159 0 162.8 68 395 159 0 162.8 68 395
380 t23 158.6 0 140.1 -4 308.8 158.6 0 140.1 -4 308.8
360 t24 158.5 0 120.5 58 349 158.5 0 120.5 68 358
TABLE IV
Expected profit in CO and 10 with and without availability using WT-ANN-ICA and WT-ANN methods
Expected Profit (USD)
Without Reliability With Reliability
WT+ANN WT+ANN+ICA WT+ANN WT+ANN+ICA
WFs 89915.82 94208.77 86175.65 90389.54
PV 1068.28 1068.28 955.7 955.7
10 CHUs 74525.01 74525.01 62671.24 62671.24
PSUs 12751.42 12751.4 12307.9 12307.9
Total 178260.57 182553.46 162110.49 166324.38
(WFs+PV+CHUs)&PSUs 182378.65 188355.37 166523.1 171265.45
CcO (WFs + PSUs+PV)&CHUs 186856.3 192123.42 170272.6 175434.6
WFs+PV+CHUs+PSUs 191283.83 198318.3 174183 179798.7
TABLE V
Imbalance revenue ($) in CO (WFs+PV+CHUs+PSUSs) and 10 using WT-ANN-ICA and WT-ANN methods
Without Reliability With Reliability
WT-ANN WT-ANN-ICA WT-ANN WT-ANN-ICA
State Operation 10 CcO 10 CcO 10 CcO 10 CcO
Imbalance revenue 24946.63 28904.77 21162.3 25863.65 22008.45 25018.52 28721.33 22417.84
[16] 24396.54 28585.21 20771 24639.9 .
Not studied
[18] 24435.76 25311.74 21082 25761.2

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.




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 CHUSs. 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

International Journal of Industrial Electronics, Control and Optimization [GRAYAl

IECO 137

PSUs and CHUs capabilities during peak time, the profit of
these units might accrue in comparison with 10.

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.

APPENDIX
Wy PS, Hy (A1)
2 Ponad WAV (s, W, 1) + 3 PE(PS).AV (s, PSt) + 3, Proy(h).AV (s, h. 1)
PS (t)ﬁ w:lpv ps=1 h=1
+ Z(PGPr\n/ax( pV) + éPBn;\i}rDCH (k = pV)).AV(SpV, pV,t)
pv=l
PS, Wy A.2
D PSS, 5p:Sp0 Sper Sy PS,T) + Y PY (5, W, 1) + (A-2)
ps=1 w=1
P (SurSprSpus Spsr Snit) = e oy,
> P (S Sp Spyr Sper Sy D)+ D PV (s, PV, t)
h=1 pv=1
prs = (A.3)
Py (SysSpsSpys Spss Sy PSIT) = (@, (AT(Syyr S s Spys Spsr Sno PSI 1)) +0,,0T (S, 5,5, e Sy PS, 1) + €, ) generationtMOD
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% (SuwrSprSpysSpsr S PS,1)-12(ps,t) < pgsmax(ps).lg(ps,t).AV(SpS, 0s.t)
+SRY(S,,15,,Spys Spsr Sns PS, 1) + N.SR.ON(S,,, S, S, Sy Spv PS, )
P (S, 01 S s Sper Spr PS,1).1P (s, t (A.13)
P ( w? S p 1 Spvi Sps? Ph p ) (p ) Z—pfnax(ps),lp(ps,t),AV(SpS, ps,t)
+SRP(S,: 8, Sp,1Sps» Spr PS, 1) + N.SRdown (s,,, S, S, S5 Sy PS, 1)
N.SR.down (s,,,S,, S,y Sps s Sps PS 1) < (QSC(ps).(l— 19(ps,t)—1 p(ps,t)))AV(sps, ps,t) (A.14)
19(ps,t) +1°(ps,t) <1 (A.15)
SRP(s,,,S,,S,y, PS,t).1 7 (ps,t (A.16)
(5u1%5:5p1, P11 *(ps.) <P (S1Sp: S PSID).IP(PS,t)
+N.SRdown (ps,t).1°(s,,,S,,S,,, PS,t)
Reps (PSi1) < (SRP(S,,,S,, S, Spsr Sny PSi ) + SR (S,,, 8,84 S Sy PS, 1)) (A17)
Ne ps (S, 1) <(N.SR.ON(S,; S, Sy Spss Sy PS, 1)+ N.SR.AOWN(S,,., S5 Sy Sps s Sy PSi 1)) (A.18)
PY (W, t) < P (W) AV (s, W, t) (A.19)
Q1) =Qs,(ht—7, ) +QT,(ht-7, ) (A.20)
Q. (h,t+7, ) =q(h,t)+S(h,t) =Qs, (h,t) +QT, (h,) (A21)
o (A.22)
v(h,t) =v(h,t-1) + Z(RHh.Qﬁ(sW,sp,spv,sps,sh,h,t—l))—q(sw,sp,sps,spv,sps,sh,h,t—1)+u(h,t—1)—S(sw,sp,spv,sps,sh,h,t—l)
h-1 '
Uin (- M (0, 1). AV (5, 1,8) < OS2 S, Sy S S N D) < U (M (N, D). AV (s, ht)  tefl..T } (A.23)
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Von( <v(ht) <y, () tefl..T } (A.24)
v(h,0) = v(h,ini),v(h, T) =v(h,end), tef,...T} (A.25)
PE (S Spr Spus Sy Sy W, PS, 0, 1) = (A.26)
(Kiy X 0% (S S S Spo s S Wo PS, ) + Ky X A(S,, S, S0, S Wo PS, D) +Kg ) te LT |

P2 (S SprSpys Spsr Sna W, PS, Nt +1) — P (S, S, Spys Spe Sa W, PS, , 1) <60.RU, LAV (s,,, h,t) (A.27)
Pa' (Sw+SpsSpys Spes Sna W PS, 1, 1) = P’ (5,151 Spy» Spes Spo Wy PS, D, t+1) <60.RD,.AV (s, h,t) (A.28)
Sy AV (S, 0,1) S, (S, S Spyr Spes Spo W, PS, N, 1) < STXAV (s, h, 1) (A.29)
M (h,t) = M (h,t —1) = N’(h,t) — N (h,t) (A.30)
N’(h,t)—N(h,t) <1 (A.31)
0 < Paarr (V. Sp,,, 1) < P (PV)Zoy (V. S 1) (A-32)
0< Py (pV;S,,,,8) < PP ™ (PV)Z o (PV S ,01) (A.33)
Zo (PV,Y) + Zpey (V1) <1 (A.34)
ENR(K,t =1) = ENR,; (k), ENR(K, S,,,,t = 24) > ENR,,, (A.35)
ENR(K,S,,,t) = ENR(K, S,,,,t —1) + P (K, 8 ,,,t—1) — PSS (K, 5, t 1) (A.36)
P (V.S ) = R (V. S, 1) = Pty (PV:S,,,1) + Pt (WS, 1) (A.37)
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